BIRLA CENtkAL''UBRAR^^ 
PILANI [Rajasthan] 

Class No. 

Book No. 

Accession No. 3 ^ ^ O , 





ORGANIC 

CHEMISTRY 

By REYNOLD (2. FUSON. Professor of 
Organic Chemistry in the University 
of Illinois, and H. R. SNYDER, 
Professor of Chemistry 
in the Universit5^ of Illinois 


NEW YORK 

JOHN WILEY & SONS. Inc. 

London: CHAPMAN & HALL, limited 



Copyright, 1942 

BY 

Reynold C. Fuson and Harold R. Snyder 

AU Rights Reserved 

This book or any part thereof must not 
be reproduced in any! farm without 
written permissionpf the publisher* 


NINTH PRlNTINCf. OCTOBER, 1948 


PRINTED IN THE UNITED STATES OF AMERICA 



( \PREFACE| j 

This book is the result of a l r ^ttem pfon the part of the authors to 
record the substance of Chemistry 34 and Chemistry 36 as they are 
given at the University of Illinois. Chemistry 34 is for beginners and 
embraces the entire field, being designed primarily to familiarize the 
student with the principal types of organic compounds. Part I (Chap- 
ters I to XVIII, inclusive) presents the subject matter of this course. 
Chemistry 36 covers much the same groimd as Chemistry 34, but from 
a more mature viewpoint and with particular empliasis on the use of 
organic reactions in synthesis. Part II (Chapters XIX to XXXIV) 
contains the material offered in this course. Together, these courses 
constitute a year of work in organic chemistry for beginners. Part II 
has also been used extensively here and elsewhere by graduate students 
in connection with survey courses and in preparation for Ph.D. exam- 
inations. Probably the chief advantage gained by covering the entire 
subject in each course is due to the repetition which this method in- 
volves. In this book the amount of repetition is, for obvious reasons, 
considerably less than that employed in the classroom. Such details of 
presentation are left to the teacher. 

The general arrangement of the material and the style of presenta- 
tion are traditional in the department. The only features that are in 
any sense new and hence not amply tested in the classroom relate to 
the reports of new developments in the field. 

The authors recognize that any credit for the present version belongs 
in a large degree to their colleagues who have contributed to the devel- 
opment of the courses, the contents of which it purports to reproduce. 
Foremost among these is Professor C. S. Marvel who was in charge of 
these courses for many years. 

Reynold Q . Fxjbon 
H. R. SlOTDBE 
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PART I 


CHAPTER I 
INTRODUCTION 

In the early development of the science of chemistry attention was 
devoted largely to the acids, bases, and salts. These substances prob- 
ably were selected because they are soluble in water and most of their 
reactions are rapid. From the study of these and other compounds the 
laws governing the combination of the elements were gradually eluci- 
dated. However, during this period a very large group of compounds, 
those present in or obtained from living organisms, was set apart. It 
was believed that the formation of these so-called organic substances 
could be brought about only in the living plant or animal, and that 
organic materials could not be treated according to the concepts em- 
ployed with inorganic compounds. 

The first of these beliefs was shattered in 1824 when the German 
chemist Wohler found that the typical inorganic salt, ammonium cya- 
nate, could be converted easily to the typical organic compound, urea. 
This demonstration that an organic compound could be synthesized 
apart from any complex life process thus destroyed the major distinc- 
tion between inorganic and organic chemistry. Further investigations 
of organic compounds soon showed that these materials are governed 
by the same fundamental laws which apply to inorganic substances, and 
that the real distinction between the two types is that organic materials 
usually contain both carbon and hydrogen whereas inorganic substances 
usually do not. The separation of the two fields has been maintained 
because of the tremendous number of organic compounds, there being 
several times as many known compounds of carbon as there are of all 
other elements. 

The picture called to the mind of the well-informed man by the words 
organic chemistry is not one focused on a vast array of carbon com- 
pounds. Rather it is a practical, everyday picture of the innum^able 
articles which he manufactures, buys, sells, and uses. The mere mention 
of synthetic fabrics, the treatment of leathers, the manufacture of dyes, 
soaps, and new detergents, the production of better gasoHnes, and 

1 
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automobile tires, more enduring paints, new medicines, or cosmetics, 
brings to mind the extensive fields which oi^anic chemistry has entered. 
It is no longer news that organic chemistry is an inseparable part of the 
industries and arts of present-day life. 

SUGGESTED READING 

Wabben, “Contemporary Reception of Wohler’s Discovery of the Synthesis of 
Urea," J. Chem. Education, 6, 1639 (1928). 



CHAPTER II 


THE STRUCTURE OF MOLECULES 

The property of carbon which distinguishes it most conspicuously is 
its tendency to form non-ionizing links, both with other carbon atoms 
and with atoms of different elements. In other words, the type of union 
most frequently encountered in the carbon compounds is the covalent 
bond, whereas the polar or electrovalent bond may be considered typical 
of the inorganic compounds. The differences between these two kinds 
of valence may be seen by examination of examples. 

The formation of sodium chloride from the elements illustrates the 
simplest mode of formation of an electrovalent bond. The sodium atom 
has one electron (Group I of the periodic table) in its valence shell. 
Beneath this valence electron lies a complete shell of eight electrons. 
The chlorine atom has an outer shell of seven electrons (Group VII of 
the periodic table). When these two atoms react, the electron simply* 
passes from the sodium atom to the chlorine atom so that both resulting 
particles have outer shells of eight electrons. The sodium atom, by 
losing the negatively charged electron, becomes the positive sodium ion. 
The chlorine atom, by gaining the electron, becomes the negative chloride 
ion. There is actually no bond between the two ions. They attract each 
other, by virtue of their opposite charges, but an individual sodium ion 
will be attracted by any negative ion which happens to be near it, and 
not solely by the particular chloride ion to which it originally yielded its 
electron. The following equation represents the formation of sodium 
chloride from the elements. 

Na- + -Ci: ¥ Na+ + iCl^ 

•• • • 

The formation of carbon tetrachloride from carbon and chlorine 
involves a process of a different type. The carbon atom (Group IV of 
the periodic table) has four electrons in its valence shell. When it reacts 
with a chlorine atom it contributes one electron, and the chlorine com 
tributes one, to the formation of a pair held jointly by the two atoms. 
By combining with four chlorine atoms, the carbon atom acquires a shel/ 
of eight electrons, as follows: 

• C- +4 -Cl: — ¥ :C1:C:C1: 

• •• •• •• •• 

;Cl: 
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AlS indicated in the formula there is no actual transfer of electrons here, 
but rather a sharing in such a way that each atom is able to complete its 
octet. The result is a fixed bond between the carbon atom and the 
chlorine atom. 

A comparison of the properties of sodium chloride and carbon tetra- 
chloride illustrates the differences between ionic compounds and covalent 
compounds. For instance, sodium chloride is high-melting and non- 
volatile. It is soluble in water. Its reactions, being the reactions of the 
sodium ion and the chloride ion, are extremely rapid. Carbon tetra- 
chloride, on the other hand, is a volatile liquid. It is insoluble in water. 
Most of its reactions are extremely slow in comparison with those of 
sodium chloride. Thus, sodium chloride reacts instantly with silver 
nitrate to give a precipitate of silver chloride, but under ordinary condi- 
tions carbon tetrachloride does not react at all with silver nitrate. This 
shows that each chlorine atom is firmly attached to tfie carbon atom and 
that no chloride ions are present. 

It is not to be concluded from the foregoing discussion that inorganic 
compounds contain only ionic or electrovalent bonds, nor that all links 
in all organic compounds are covalent bonds. Actually, many inorganic 
compounds contain covalent bonds, and many organic substances have 
one or more electrovalent linkages. 

A third type of valence, known as the coordinate covalence^ also occurs 
in both organic and inorganic materials. It consists of a shared pair of 
electrons, both of which are contributed by one of the atoms. It is 
present in such common reagents as sulfuric acid and nitric acid. In 
the formulas below the electrons originally belonging to the nitrogen, 
sulfur, and hydrogen atoms are indicated by dots, while those of the 
oxygen atoms are represented by crosses. 


Oi 0 

XX r 

mOiN or H-O^N 

.. V 

Nitric acid 


XX 

505 0 

HJOJSxOiH or H-O-S-O-H 

XX .. XX I 


505 


Sulfuric acid 


It will be noted that in these formulas the nitrogen and sulfur atoms have 
complete octets. One of the oxygen atoms in nitric acid has achieved 
this state by sharing the pair furnished by the nitrogen atom. In sul- 
furic add two oxygen atoms are held in t^ manner. Formulas of this 
kind are usually abbreviated as shown, an arrow indicating the coordi- 
nate covalent link. The arrow points from the donor to the acceptor of 
the electron pair. The coordinate covalent link is sometimes called the 



THE STRUCTURE OF MOLECULES 


5 


semipolar bond. The origin of this term becomes clear from a considera- 
tion of the nitrogen-oxygen coordination bond in nitric acid. Since it 
still has all its original six electrons plus an interest in the pair which 
holds it to the nitrogen, the oxygen must have a negative charge. The 
nitrogen, on the other hand, since it has given up a share of the pair to 
the oxygen atom without gaining any interest in the latter's electrons, 
must bear a positive charge. 

The carbon atom forms covalent links not only with chlorine, but 
with a great variety of elements, including the other halogens, hydrogen, 
oxygen, nitrogen, sulfur, phosphorus, and occasionally other elements. 
Most striking of all is the formation of stable covalent bonds with other 
carbon atoms. Thus, organic compounds may contain carbon atoms in 
chains of two, three, four, or more. In fact, there is no known limit to 
the number of carbon atoms which may be united in this way. When 
this is considered, together with the various elements mentioned which 
may be united with the carbon atoms in these chains, it becomes evident 
that the number of possible organic compounds is extremely large. In 
addition, as a consequence of the fixed character of a covalent bond, it is 
often possible to obtain many different compounds from the same group 
of atoms by varying the arrangement of the atoms within the molecule. 
Such compounds are said to be isomers; the phenomenon, known as 
isomerism^ is very common among organic compounds. 

Because of the formation of carbon chains and the existence of isomers, 
there is no mathematical limit to the number of possible carbon com- 
pounds. The successful treatment of organic chemistry must, therefore, 
depend upon the classification of the compounds into broad groups of 
related substances. A very satisfactory classification is that based on 
structure. By structure is meant the manner of attachment of the various 
atoms which make up a particular compound. For example, carbon 
atoms can be joined by one, two, or three bonds, giving rise to three 
different species of compounds. Carbon forms stable single, double, and 
triple bonds with nitrogen also. Moreover, it may be joined to sulfur, 
the halogens, and many other elements. 

As a result of the remarkable and varied capacity of carbon for com- 
bining with itself and with other elements, many different types of 
organic compounds are possible. Each type or class is characterized by 
a particular group known as its functional group. A few of the prin- 
cipal functional groups and the classes of compounds to which they give 
rise are shown in Table I. 

Of the dozens of classes of organic compounds, the basic type is that 
composed of hydrocarbons^ compounds containing only hydrogen and 
carbon. Since the hydrocarbons furnish the foundations upon which 
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all other types of organic compounds are built, it is desirable to conader 
them first. 

TABLE I 

Some Simple Functional Gboups 


Class of Compound 

Functional Group 

Formula 

Name 


Alcohols 

~OH 

-C-OH 

yc=o 

-NH2 

-SH 

-NO2 

“SO3H 

Hydroxyl group 

Acids 

Aldehydes and ketones 
Amines 

Mercaptans 

Nitro compounds 

Sulfonic acids 

Carboxyl group 

Carbonyl group 

Amino group 

Sulfhydryl group 

Nitro group 

Sulfonic acid group 







CHAPTER III 


SATURATED HYDROCARBONS 
Methane 

The hydrocarbons can be grouped into various classes on the basis of 
their chemical reactions. Those called saturated hydrocarbons have 
been so named because of their relative inertness. The name paraffin 
(too little affinity) carries the same connotation. 

The simplest of the paraffin hydrocarbons is methane, CH4. It is 
the chief constituent of natural gas, and as such occurs in large quanti- 
ties. It has been called marsh gas because of its formation during the 
anaerobic fermentation of vegetable matter beneath the stagnant water 
of swamps. Methane usually occurs along with coal, and because it 
forms an explosive mixture (^^fire damp”) with air, its presence con- 
stitutes one of the hazards of mining. 

Since carbon has a valence of four, it is obvious that each of the 
hydrogen atoms in the methane molecule must be attached directly to 
the carbon atom. The bonds are covalent, so the formula may be 
written as follows: 

H 

H:C:H 

• • 

H 

Electronic formula of methane 

In practice, formulas of this type are used only when it is necessary 
to call particular attention to the electrons of the bonds. For conven- 
ience the links are usually represented by lines. Each line in the formula 
below is, then, to be considered as an abbreviation indicating a pair of 
electrons shared between the two atoms which it joins. 

H 

H-C-H 

I 

H 

Structural formula of methane 

This structural formula fails to represent correctly the distribution 
in space of the atoms in the methane molecule. It is known that the 
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four pairs of electrons about a carbon atom arrange themselves so that 
each pair is at the greatest possible distance from each of the other pairs. 
The result is that the four valences are directed in such a way that the 
four attached groups bear the same spatial relation to each other as do 
the four points of a regular tetrahedron. An accurate representation of 
the methane molecule must, then, involve a three-dimensional drawing. 



Because of this distribution of valences, carbon is often referred to as 
a tetrahedral atom. It will become apparent later that the spatial rela- 
tionship of the groups about a carbon atom may have a profound influ- 
ence on the properties of a compound. However, because they are 
diflScult to draw, the three-dimensional formulas are used only when 
they are necessary. 

Although the paraffins are the least reactive of the hydrocarbons, they 
do nevertheless undergo a variety of transformations under the influ- 
ence of appropriate reagents. Thus, whereas it resists the action of mild 
oxidizing agents such as aqueous solutions of potassium permanganate, 
methane is readily oxidized when heated sufficiently with oxygen. This, 
of course, is the reaction which takes place when natural gas is burned. 

CH4 + 2O2 f CO2 + 2H2O 


Chlorine attacks methane, but only at elevated temperatures or in 
the presence of ultraviolet light. The reaction involves the removal of 
hydrogen atoms, their places being taken by chlorine atoms. 



HCl + CH3CI 

Methyl chloride 


^ HCH-CH2CI2 


Methylene chloride 

HCl + CHCI3 

Chloroform 

HCl + ecu 

Carbon 

tetrachloride 
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The reaction is of the type known as a substiiution. By substitution 
is meant the direct replacement of hydrogen by other atoms. A similai 
substitution occurs when bromine is used. 


CH4 + Bra 


CHaBr + Bra 


CHaBra + Bra 


heat 
light 

heat 
light 

heat „„ 

> HBr + CHBrs 

Bromofonn 


♦ HBr + CHsBr 

Methyl bromide 

f HBr + CHaBra 

Methylene bromide 


CHBrs + Bra 


heat 

HBr + CBr4 
^ Carbon tetrabromide 


Iodine, the least reactive of the halogens, does not react with methane. 
However, the iodine derivatives of methane, methyl iodide, methylene 
iodide, iodoform, and carbon tetraiodide, can be obtained by other 
methods. Fluorine is so extremely reactive that direct fluorination is 
seldom used. In fact, neither the chlorination nor the bromination of 
methane is ea^y controlled. Because the rates of chlorination of 
methane, methyl chloride, methylene chloride, and chloroform are nearly 
identical, an attempt to prepare any one of the chlorine derivatives re- 
sults in a mixture containing all four of them in addition to tmchanged 
methane. Other methods which give the individual derivatives are 
therefore more convenient for laboratory preparations. 

Like nearly all organic compounds, methane decomposes under the 
influence of extreme heat. The products are carbon and hydrogen. 

CH4 ► C + 2H2 

This reaction is used in the preparation of lampblack from natural gas. 
A simple way of effecting it is to bum methane with a limited quantity 
of air. The heat of the flame causes the decomposition of the methane 
which is in excess of the oxygen present. Thermal decomposition of 
organic compounds is usually referred to as pyrolysis. When a hydro- 
carbon is concerned, the reaction is sometimes called cracking. 


The Higher Paraffins 

Methane is the simplest member of a series of hydrocarbons of very 
similar chemical characteristics. The next higher member is ethane 
(CsHe) and following ethane are propane (CsHg) and butane (C4H];o)> 
These compounds may be represented by the general formula CJ^Han+a 
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in which n is the number of carbon atoms. The formulas and boiling 
points of a number of them are given in Table II. It will be seen that 
the formula of any member can be obtained by adding CH2 to that of 
the preceding member. Such a series of compounds is known as a homoJr 
ogous series. A homologous series may be defined as a group of struc- 
turally similar compounds, each member of which differs from the pre- 
ceding member by CH2. The concept of homology is one of the funda- 
mentals of organic chemistry. 

TABLE II 

Straight-Chain Saturated Hydrocarbons 


Name 

Boiling 

Point 

Formula 

Structural Formula 

Methane 

-161** 

CH4 

CH4 

Ethane 

-88 

C2H6 

CH3CH3 

Propane 

-45 

C3H8 

CH3CH2CH3 

Butane 

0 

C4H10 

CH3CH2CH2CH3 

Pentane 

36 

CsHij 

CH3CH2CH2CH2CH8 

Hexane 

69 

CeHw 

CH3CH2CH2CH2CH2CH3 

Heptane 

98 

C7H1, 

CH3CH2CH2CH2CH2CH2CH3 

Octane 

125 

CsHw 

CH3CH2CH2CH2CH2CH2CH2CH3 

Nonane 

151 

C»H!!0 

CH3CH2CH2CH2CH2CH2CH2CH2CH3 

Decane 

174 

CioHsj 

CH3CH2CH2CH2CH2CH2CH2CH2CH2CH8 


Only one carbon skeleton can be written for each of the hydrocarbons 
up to and including propane. However, in the formula, C4H10, the 

carbons may be arranged either in a straight chain. -6-6-G-6-, or in 

' ' ' ' 

a branched chain, - 0 -C-C-. Actually two different butanes, called 

'- 6 -' 

I 

normal butane (n-butane) and isobutane, are known: 

CH3CH2CH2CH3 CH3CHCH3 

6h3 

n-Butane leobutane 


These compounds have entirely different physical properties. For 
instance, the boiling point of isobutane (—10®) differs by ten degrees 
from that of n-butane (0“), It will be seen later that there are also 
differences in their chemical properties. 

Butane and isobutane are isomers of each other. Isomerism may be 
defined as the existence of two or more compounds of the same molecu- 
lar formula, but of different structures. 
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In a similar manner it is possible to write three structures for the 
formula, C 6 H 12 , and, in fact, three isomeric pentanes are known. They 
are n-pentanc, isopentane, and neopentane. 

CH3 

CH3CH2CH2CH2CH3 CH3CHCH2CH3 CH3-6-CH3 

CH3 6h3 

ri-Pentane Isopentane Neopentane 

The number of possible isomers increases rapidly as the number of 
carbon atoms in the hydrocarbon molecule is increased. Thus, there 
are five hexanes, nine heptanes, eighteen octanes, and thirty-five nonanes. 
The method used above for naming the isomeric butanes and pentanes 
would become extremely cumbersome if an attempt were made to extend 
it to larger molecules. For this reason a simple system of naming such 
organic compounds was devised by a group of chemists meeting in 
Geneva in 1894. The following are the principles of the Geneva system 
of nomenclature. 

1. A compound is named as a derivative of the hydrocarbon corre- 
sponding to the longest carbon chain present in the molecule. The 
name of this hydrocarbon serves as the stem of the name of the com- 
pound. 

2. The typo of the compound, that is, the homologous series to 
which it belongs, is indicated by a suffix. For the paraffins this suffix 
is ane. 

3. Groups attached to the carbon chain are indicated by suitable 
prefixes. In order to specify the location of these groups the carbon 
chain is numbered in such a way that the numbers used in the name 
are the smallest possible. 


The use of these rules is illustrated by the names of the five hexanes. 
The CHs group is known as the methyl group. 


CH3CH2CH2CH2CH2CH3 

7i>Hexane 

CH3CH2CHCH2CH3 

6h3 

3-Methylpentane 


CH3CHCH2CH2CH3 

6h3 

2-MethylpeDtane 

CH3 

CH36CH2CH3 

6h3 

2,2-Dimethylbutane 


CH3CH— CHCH3 

(bH3 6 h8 

2 ,3-Di2nethylbutane 
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The parafSn hydrocarbons resemble methane in their chemical prop- 
erties. They resist the action of chemical oxidizing agents such as 
aqueous potassium permanganate. They react with chlorine and bro- 
mine at high temperatures or in the presence of strong ultraviolet radia- 
tion. The reaction, like that of methane, is one of substitution. 

heat 

CHaCaCHs + Oa — CHaCHCHj or CaCHaCaa + HQ 

Igbt 

Isopropyl n-Propyl 

chloride chloride 


The introduction of a single chlorine atom into the propane molecule 
gives rise to two isomers, isopropyl chloride and n-propyl chloride. 
With the higher hydrocarbons, the number of monochloro derivatives 
increases rapidly. The production of isomers which are not easily sepa- 
rated, together with further chlorination of part of the monochloro 
derivatives, limits the usefulness of this reaction. However, the chlorin- 
ation of a mixture of the pentanes is operated as a commercial process 
for preparing materials used as solvents (p. 230). 

The paraffins undergo nitration, but only at elevated temperatures; 
the reaction is accompanied by cleavage of the carbon chains. For 
instance, propane can be converted to a mixture of nitromethane, nitro- 
ethane, 1-nitropropane, and 2-nitropropane. 


CH3CH2CH3 > 

^ ^ HONO2 


■CH3NO2 

CH3CH2NO2 

CH3CH2CH2NO2 

CH3CHCH3 

1^02 


Nitromethane 

Nitroethane 

1- Nitropropane 

2- Nitropropane 


Thermal decomposition, or cracking, converts the paraffins into hydro- 
carbons of lower molecular weight. Thus, when n-octane is heated to 
the temperature of 600° the reaction product consists of a mixture of 
saturated and unsaturated hydrocarbons having from one to eight carbon 
atoms. The decomposition involves the breakii^ of the carbon chain 
at random points. Cleavage at the end of the chain produces methane 
and the unsaturated hydrocarbon, heptene. 

600 * 

CgHis > CH4 + CtHu 

n-Octane Heptene 

Cleavage at the second carbon of the chain may produce either ethane 
and hexene, or ethylene and hexane. 
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Cellis ^ CH3CH3 + CeHw 
Ethane Hexene 

or C2H4 4 “ C 6 Hi 4 
Ethylene Hexane 

The decomposition appears to take place in all the possible ways, so 
that a variety of products is formed. Cracking is of extreme importance 
in the production of gasoline. It will be considered in greater detail in 
connection with petroleum (p. 29). 

Certain catalysts are capable of isomerizing paraflSn hydrocarbons. 
For instance, in contact with aluminum chloride, ?i-butane changes to 
an equilibrium mixture of n-butane and isobutane. 

AICI3 

CH3CH2CH2CH3 7 ^ CH3CHCH3 

6h3 

n-Butane Isobutane 

The Cycloparaffins 

The cycloparaffins correspond to the formula, CnHsn, yet have many 
of the properties of the paraffins. Their structures are characterized 

TABLE III 
Cyclopaeaffins 


Name 

Structural Formula 

Boiling Point 


,CH 2 


Cyclopropane 

CH2 

^CH 2 

-34.4® 

Cyclobutane 

CH2 — CH2 

(!/H2 — (I/H 2 

13 

Cyclopentane 

CH2— CH2 

1 Sent 

CH2— CH2 

49.5 

Cyclohexane 

CH2— CH2 

0^12 ^CH 2 

^CH 2 — C ^2 

81.4 


1^ th,.} presence of carbon rings. The formulas and boiling points of 
some of the simpler cyclopara£5ns ore given in Table III. 
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Cyclopropane is much more reactive than the open-chain paraffins. 
It absorbs bromine at room temperature and in the absence of light to 
give the open-chain dibromide, as shown by the following equation. 


cm + Bra 
\:H2 


BrCHaCHaCHaBr 

1 ,3-Dibromopropane 


Cyclobutane is much less reactive toward bromine than is cyclopropane, 
and cyclopentane and cyclohexane cannot be distinguished from their 
straight-chain amilogs by means of this reagent. The abnormal reactiv- 
ity of cyclopropane and cyclobutane can be ascribed to the distortion of 
the carbon valences in the small rings. In cyclopropane the angle 
between any two valences in the ring is 60®, whereas the normal angle 
between carbon valences is 109® 28'. The compression of the valence 
angles in the small ring results in a strain within the molecule. In 
cyclobutane the angles are less higlily compressed so that less strain 
and consequently less tendency toward ring opening exist. The angle 
of the regular pentagon is 108®, or almost identical with the tetrahedral 
angle. It follows, then, that cyclopentanc should be practically free 
from strain and that its chemical behavior should approximate very 
closely that of n-pentane. 

Cyclohexane is also free from strain; because all six carbons do not 
lie in the same plane, the normal valence angle need not be distorted. 
Two such models of cyclohexane can be constructed. They are called 
the boat and chair forms. 



Boat form Chair form 

Cyclohexane models 


Since it has not been possible to separate two isomeric cyclohexanes, it 
is believed that the two forms are readily interconvertible. 

Compounds containing cycloparaffin rings with more than thirty car- 
bon atoms in the ring have been prepared and none of them exhibits any 
appreciable strain. This is to be expected from a study of mod»ds, for 
all such rings of six or more members can exist in non-planar, stniinless 
forms (p. 351), 
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The Relation of the Paraffin Hydrocarbons to 
Other Classes of Compounds 

It has been mentioned that the various types of organic compounds 
are classified according to the functional groups (p. 5) which the^y 
contain. Most of the simple types may be regarded as derivatives of 
the paraffin hydrocarbons, the derivative differing from the parent 
hydrocarbon in having a fimctional group in place of one or more hydro- 
gen atoms. For example, methyl chloride (CH3CI) differs from methane 
(CH4) in having a chlorine atom in place of one hydrogen atom. The 
corresponding derivative of ethane is ethyl chloride (CH3CH2CI). Two 
such derivatives may be obtained from propane; they are n-propyl chlo- 
ride (1-chloropropane, CH3CH2CH2CI) and isopropyl chloride (2-chlo- 
ropropane, CH3CHCH3). These substances are the first memb(^rs of 

the homologous series of alkyl chlorides. The functional group of the 
series is the chlorine atom; it is attached to an alkyl radical, the radical 
obtained from a paraffin hydrocarbon by the removal of one hydrogen 
atom. The alkyl chlorides thus have the general formula CnH 2 n-fiCl. 
This formula is" sometimes abbreviated as RCl (R~ = CnH 2 n+i~)- 
The alcohols form a similar series in which the functional group is 
the hydroxyl group. The first members are methyl alcohol (CH3OH), 
ethyl alcohol (CH3CH2OH), and the isomeric propyl alcohols, n-propyl 
alcohol (CH3CH2CH2OH) and isopropyl alcohol (CH3CHCH3). They 

6h 

conform to the general formula CnH 2 n+iOH (ROH). 

In most cases, a single fimctional group gives rise to only one homol- 
ogous series. An interesting exception occurs in compounds contain- 
ing the carbonyl group 0C=O), The simple carbonyl compounds may 
be regarded as derived from paraflSns by replacement of two hydrogen 
atoms with a doubly bound oxygen atom. If the carbon atom carrying 
this oxygen atom is located at the end of a carbon chain the substance 

is an aldehyde. Examples are HC-H (formaldehyde), CHgC-H (acetal- 

/O 

dehyde), and CH 3 CH 2 C~H (propionaldehyde). When the carbonyl 
group is connected to two carbon atoms, that is, when it is located at 
some point other than an end of the carbon chain, the substance is a 

^0 

ketone. The simplest ketone is CHsO-CHs (acetone). The aldehydes 
and ketones are considered to constitute separate homologous series 
because their reactions differ in some important respects. For example. 



16 SATURATED HYDROCARBONS 

the aldehydes mentioned above are very easily oxidized to the corre^ 

/O 

spending acids (HC~OH, formic acid; CHsC-OH, acetic acid; and 

CH 3 CH 2 C-“ 0 H, propionic acid), but the ketone is unaffected by mild 
oxidizing agents. 

In the following chapters the properties conferred upon compounds 
by the various functional groups are considered in some detail. The 
classes most closely related structurally to the paraffins are those con- 
sisting of unsaturated hydrocarbons. 

PROBLEMS 

1. Define and illustrate the following terms: isomers, homologs, substitution, 
chlorination, cracking, strainless rings. 

2. Write structural fonnulas of the following compounds: 2,3,4-trimethyl- 
pentane, 2,2,3-trimethylbutane, 3-ethylpentane, 2,2,3,3-tetramethylbutane, cy- 
cloheptane, methylcyclohexane, 1,3-dimethylcyclopentane. 

3. Compare the reactivity toward bromine of propane and cyclopropane; of 
ti-hexane and cyclohexane. Write the formulas of all the monochloro derivatives 
of n-hexane; of cyclohexane; of methylcyclohexane. 

4. Write the electronic formulas and abbreviated electronic formulas of the 
following compounds: ethane, ethyl chloride, ethyl alcohol, acetaldehyde, acetic 
acid, nitroethane. 

SUGGESTED READING 

Gabbiel, ‘‘The Nitroparaffins,” /nd Eng. Chem., 32, 887 (1940). 



CHAPTER IV 


UNSATURATED HYDROCARBONS 
The Olefins 

The simplest unsaturatcd hydrocarbons are those of the general for- 
mula C„H2n. They are called olefins or, since ethylene is the first mem- 
ber of the series, ethylenic hydrocarbons. Ethylene has the formula 
C2H4. It can be shown that each of the carbon atoms is connected to 
two hydrogen atoms, thus accounting for eight of the twelve valence 
electrons (four belonging originally to each carbon atom, and one to 
each hydrogen atom). The remaining four electrons are shared between 
the two carbon atoms. The carbon atoms are thus connected by two 
valence bonds and the structural formula, CH2=CH2, may be written. 
The presence of the double bond is characteristic of the olefins; it is the 
functional group of the series. 

The names of the simple olefins are derived from those of the corre- 
sponding paraffins by changing the ending ane to ylene. The higher 
members are named according to the Geneva system, which uses the 
ending ene. In applying this system to compoimds other than the 
paraflSns, two modifications of the principles set forth on p. 11 are 
employed. These are as follows: 

1. The substance is named as a derivative of the hydrocarbon cor- 
responding to the longest chain carrying the functional group. 

2. The location of the functional group is specified by numbering 
the carbon chain and incorporating into the name the number of the 
carbon atom to which the functional group is attached. 

The use of these principles is illustrated in Table IV. For the lower 
members the common names are given in parentheses. It will be noted 
that only one number is used to locate the double bond. This is the 
lower of the two numbers corresponding to the carbon atoms connected 
by the double linkage. 

Olefins are usually prepared in the laboratory by dehydration of alco- 
hols. Ethylene, for example, may be obtained from ethyl alcohol by 
heating with concentrated sulfuric acid. 

17 
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CHaCHj^bH + HQSO2OH CH3CH2OSO2OH + H2O 

Ethyl alcohol * Ethylsulfuric acid 

CH3CH2OSO2OH ;z± CH2OH2 + HOSO2OH 

Ethylene 

The second reaction occurs when the mixture is heated to about 150® 
and ethylene (gas) is generated. At lower temperatures ethylene and 
sulfuric acid combine in the reverse reaction. Since it is regenerated in 
the second reaction, sulfuric acid may be regarded as a catalyst for the 


TABLE IV 

Olefins or Ethylenic Hydrocarbons 


Name 

Formula 

Boiling Point 

Ethene (ethylene) 

CH2=CH2 

-103.9® 

Propene (propylene) 

CHaCH-CIIa 

-47 

1-Butene 1.V - i x 

CH3CH2CH-CH2 

-5 

CH3CH-CHCII3 

2 

Methylpropene (isobutylene) 

CH3OCH2 

6 h 3 

-6 

1-Pentene 

CH3CH2CH2CH-CHJ 

40 

2-Pentene 

CHsCIIaCH-CHCH, 

36.4 

2-Methyl-2-butene 

CH 3 CH=:CCIl 3 

hUi 

38.4 

3-Methyl-l-butene 

CH 3 CHCH=CH 2 

in. 

25 

2-Methyl- 1-butene 

CH 2 =CCH 2 CH, 

6h, 

31 


conversion of the alcohol to the olefin; other catalysts, such as aluminum 
oxide, phosphoric acid, or silica, may be used in its place. 

Olefins also can be obtained by dehydrohalogenation of alkyl halides. 
This is usually accomplished by heating the alkyl halide with an alkali 
in the absence of water. Alcohol is often used as the solvent. 

alcoholic 

CH 3 CH 2 Br + KOH ■ ' . . CHaMIJHz + KBr + H 2 O 

solution 

Ethyl bromide Ethylene 

Olefins are sometimes prepared by the action of zinc on 1,2-dihalides. 

CH3CHCH2 + Zn > CH3CHOH2 + ZnBr 2 

ir ir 

1,2-Dibromopropane Propylene 

Large quantities of the lower olefins, particularly ethylene and propyl- 
ene, are available as by-products of petroleum cracking (p. 12). Thej 
are among the cheapest organic compounds. 
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The characteristic chemical property of the olefins is their tendency 
to revert to saturated compounds. Thus, they combine with hydrogen 
in the presence of catalysts to give paraffins. Reactions of this type, 
involving the combination of two molecules to form a single product, 
are known as addition reactions. 

Pt 

CH3CH=CH2 + H2 ► CH3CH2CH3 

Propylene Propane 

Olefins also undergo addition of chlorine and bromine at moderate tern 
peratures and in the absence of catalysts. The products are again satu- 
rated compounds. Ethylene combines rapidly with bromine to give 
ethylene bromide. 

CH2=CH2 + Br2 ¥ Cn2CH2 

I 1 

Br Br 

Ethylene 

bromide 

Because this reaction causes the red color of bromine to disappear, it is 
often used as a laboratory test for unsaturation. Halogen acids react 
similarly, although less rapidly unless a catalyst is used. Ethyl chloride 
may be made by combining ethylene with hydrogen chloride in the 
presence of a catalyst such as antimony or bismuth trichloride. 

CH2=CH2 + HCl ^^^4 CH3CH2CI 

Ethyl 

chloride 


When an unsymmetrical res^ent such as a hydrogen halide combines 
with an unsymmetrical olefin, two products might be expected. Pro- 
pylene and hydrogen chloride, for example, might give either n-propyl 
chloride or isopropyl chloride, or both. 


CH3CH=CH2 + HCl 


/ CH3CH2CH2C1\ 

Vw-Propyl chloride/ 


CH3CHCH3 

h 


Isopropyl chloride 


Actually, only isopropyl chloride is obtained. In such cases it is gen- 
erally true that the positive part of the reagent combines with the olefinic 
carbon atom which holds the larger number of hydrogen atoms. This prin- 
ciple was first formulated by Markownikoff and is known as MarJeowni 
hoffs rule. 
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Olefins combine with sulfuric acid to form aJkylsulfuric adds. The 
reaction is useful because the aJkylsulfuric acids can be hydrolyzed to 
alcohols and sulfuric acid. By this method ethylene is converted to 
ethyl alcohol. 

CH2=CH2 + HOSO2OH CH3CH2OSO2OH 

Ethylsulfuric acid 

CH3CH2OSO2OH + H2O ;z:± CH3CH2OH + HOSO2OH 

Ethyl alcohol 

If propylene is employed the products are isopropylsulfuric acid and 
isopropyl alcohol. 

CH 3 V^{=CH 2 + HOSO2OH 7 =± CH3CHCH3 

(^S020H 

Isopropylsulfuric 

acid 

CH3CHCH3 + H2O CH3CHCH3 + HOSO2OH 

( 1 )S 020 H ('iH 

Isopropyl alcohol 

Hypochlorous acid combines with olefins to produce compounds 
known as chlorohydrins. Ethylene yields ethylene chlorohydrin, 

CH2=CH2 + HOCl ¥ CH2CH2 

61 

Ethylene 

chlorohydrin 

When hypochlorous acid reacts with imsymmetrical olefins the chlorine 
atom combines with the carbon which has the more hydrogen atoms. 
This is illustrated by the formation of propylene chlorohydrin from 
propylene. 

CH3CH=CH2 + HOCl ► CH 3 CH-CH 2 

in 61 

Propylene 

chlorohydrin 

A recently discovered reaction of the olefins is their combination with 
branched-chain paraffins to give saturated hydrocarbons. For example, 
isobutane combines with propylene to form a heptane. The reaction is 
of value in the preparation of high-grade gasoline (p. 31). 

Olefins may also be caused to combine with themselves, yielding un- 
saturated hydrocarbons of higher molecular wei^t. For example 
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2,4,4-trimethyl-l-pentene (“isodetene”) is obtained by treatment of iso- 
butylene with sulfuric acid. 

CHa CHa CHa CHa 

CHaC*:! + CHa6=CH2 -5^ CH36-CH26CH2 
^2 CHa 

2,4,4-Trim ethyl- 
l-pentene 

The ethylenic double bond is readily attacked by oxidizing agents, 
and this property is the basis of the Baeyer test for unsaturation. Po- 
tassium permanganate is used as the oxidizing agent because its reduc- 
tion can be followed easily by the color change and, if the test is carried 
out in alkaline solution, by the formation of a precipitate of manganese 
dioxide. 

3CH2=CH2 + 2KMn04 + 4H2O ► 3CH2CH2 + 2Mn02 + 2KOH 

OH ([)H 
Ethylene 
glycol 

The reaction is not often useful for preparative purposes, since many of 
the glycols which might be made in this way are susceptible to oxidation 
by the permanganate. 

According to recent patents the oxidation of ethylene by atmospheric 
oxygen can be controlled so that ethylene oxide is produced. The reac- 
tion is carried out in the presence of a silver catalyst and at moderately 
high temperatures. 

0 

Ethylene 

oxide 

Ozone converts ethylenic hydrocarbons into ozonides, which are ea^y 
decomposed with cleavage of the carbon chain. For example, ethylene 
yields an ozonide which, upon hydrolysis in the presence of a reducing 
agent, is converted to formaldehyde. 

CH2=CH2 + O3 — ► CH2-0-<?H2 

^ 0 - 0 ^ 

/O 

CH 2 -O-CH 2 + 2[H] V 2H-C-H -I- H 2 O 

0-0 Formaldehyde 
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This reaction is often used in the determination of structures of unsatu- 
rated substances. For example, of the three butylenes, one (A) on 
ozonization and reduction yields formaldehyde and propionaldehyde; 
the second (B) is converted to acetaldehyde and the third (C) yields 
acetone and formaldehyde. It follows, then, that A is 1-butene, B is 
2 -butene, and C is isobutylene. 

CH 3 CH 2 CH=CH 2 CH 3 CH 2 CH-O-CHJ 
1-Butene (A) 0-0 



CH3CH2OH + HOH 


Propional- 

denyde 


Formal- 

dehyde 


O 3 2fHl 

CH 3 CH=cncH 3 —4 CH3CH-0-C11CH3 -4 2CH3C-H 

\ / 

2-Butene (B) 0-0 Acetaldehyde 


CHs CH3 CH3 Q 

CH3(b=CH2 CH3(b-0-CH2 ^ CH36=0 + EC-R 

Isobutylene (C) 0—0 Acetone Formaldehyde 


The Acetylenes 

Acetylene is the first member of a series of more highly unsaturated 
hydrocarbons; its formula is C 2 H 2 and, since it can be shown that each 
of the two carbon atoms carries one hydrogen atom, the structure must 
be HC=CH. The series takes its name from the first member, and any 
compound containing the triple bond is said to be an acetylene. The 
systematic names of these hydrocarbons employ the ending yne; the 
simpler members, however, are usually named as substituted acetylenes. 
Examples of both systems of naming are given in Table V. 


TABLE V 
Acetylenes 


Name 

Formula 

Boiling Point 

Acetylene (ethyne) 

HC=CH 

-88® 

Methylacetylene (propyne) 

CHsCeCH 

-24 

Ethylacetylene (1-butyne) 

CH3CH2teCH 

18.5 

Dimethylacetylene (2-butyiie) 

CHateCCHa 

29 

n-Propylacetylene (1-pentyne) 

CHaCHaCHsjteCH 

40 


Acetylene is an important industrial raw material. It is obtained by 
heating coke with lime and decomposing the resulting calcium carbide 
with water. Carbon monoxide is formed along with calcium carbide. 
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CaO + 3 C ► CaC2 + CO 

Calcium Carbon 
carbide monoxide 

CaC2 + H2O ► CaO + CH-CH 

Acetylene is also obtained by cracking petroleum at high temperatures. 

Acetylene and its homologs, like the olefins, are characterized by a 
marked tendency to combine with other reagents in such a way as to 
form saturated compounds. Their reactions usually differ from those 
of the olefins in that two moles of the adding reagent are required for 
saturation. The intermediate olcfinic compound can often be obtained 
by limiting the amount of the reagent. Thus, either ethylene or ethane 
can be produced by hydrogenation of acetylene. 


CH=CH 


catalyst 


H2 


^ CIl2=CIl2 


catalyst 


H2 


^ CH3CH3 


In a similar manner one or two molecules of halogen may combine 
with an act^tylene. Thus, acetylene may be converted to the dibromide 
which in turn absorbs a molecule of bromine to yield the tetrabromide. 

Br Br 

ClfeCH ^ CH=Cn ^ iH-iH 

Br Br ibr Br 

1 ,2-Dibromoethene 1 ,1 »2,2-Tetrabromoethane 
(acetylene dibromide) (acetylene tetrabromide) 

One of the important commercial uses of acetylene involves its reac- 
tion with water in the presence of sulfuric acid and mercury salts. Only 
one molecule of water is added. The addition product, vinyl alcohol, is 
unstable and rearranges to form acetaldehyde. 

CHhCH + HOH - 2 ^ [CH 2 =CH 0 H] ► CHsCVH 

H2SO4 

Vinyl alcohol Acetaldehyde 

Nearly all simple compounds containing a hydroxyl group on a carbon 
atom which also carries an ethylenic double bond undergo the same 
rearrangement; -C=C-OH — ► -CH-OO, Much of the acetaldehyde 

II II 

produced by hydration of acetylene is converted to acetic add. In the 
process the aldehyde is oxidized by atmospheric oxygen in the presence 
of manganous oxide. 

MnO 

2CH3C-H + O2 > 2CH3C-OH 

Acetic acid 
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Acetylene thus serves as a raw material in the commercial preparation of 
acetic acid. 

It is to be noted that none of the homologs of acetylene can yield 
aldehydes by hydration. Since the addition of water proceeds according 
to Markownikoff’s rule, all higher acetylenes are converted to ketones 
by this reaction. Acetone is formed by hydration of methylacetylene. 


CHateCH + HOH 


H2SO/ 



0 

CH3C-CH3 

Acetone 


The reaction of one molecule of halogen acid with acetylene produces 
a vinyl halide. Vinyl chloride is prepared in this way. 

CH=CH + HCl ¥ CH2-CHCI 

Vinyl chloride 

The commercial use of vinyl chloride depends on the fact that many 
molecules of the substance can be caused to combine with each other to 
give a very large molecule which is a valuable plastic. Such a reaction 
is known as a polymerization, and the largfi molecule is said to be a 
polymer of the smaller one, 

(n + 2)CH2=CHC1 XCH2CH/CH2CH\CH2CHY 

61 V 61 A Cl 

Vinyl chloride Polyvinyl chloride 

The exact nature of the groups X and Y which must occupy the end 
positions in the polymer is not known; they may be fragments of the 
catalyst molecule. 

It is possible, of course, to effect the addition of two molecules of 
halogen acid to acetylene. Thus, if excess hydrogen chloride is present, 
the product is ethylidene chloride rather than vinyl chloride. 

HCl 

CHsCH + HCl > CH2=CHC1 > CH3CHa2 

Vinyl chloride Ethylidene chloride 

By a Edmilar reaction either vinyl acetate or ethylidene acetate may 
be obtained from acetylene and acetic add. 

‘/O 

CH=CH + CHaOOH 

/O CH»CX)sH /O 

— i. CH2=CH-0C-CH3 — CH3CH(0CCH3)2 
Vinyl acetate Ethylidene acetate 
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Vinyl acetate, like vinyl chloride, polymerizes readily; the product is 
known as polyvinyl acetate. 

(n + 2)CH2=CH 

(ScOCHs 

— > XCH2CH /CH2CH \-CH2CHY 

6 cOCH 3 V (ScOCHsA (I)C 0 CH 3 

If vinyl acetate and vinyl chloride are mixed before polymerization, the 
polymer formed contains both units in the chain. Pol3miers of this type 
are known as copolymers. In this case the copolymer has properties 
which make it superior, for certain uses, to the polymer of either com- 
ponent. In general, the vinyl polymers are clear, transparent solids. 
They soften on heating, and so can be pressed into any desired shape 
in a hot mold; or the molten polymer can be drawn into filaments suit- 
able for yams. The new textile, Vinyon, is made in this way from a 
vinyl chloride-vinyl acetate copolymer. 

The uses of ethylidene diacetate in the chemical industry are dis- 
cussed in Chapter IX. 

Acetylenes may be prepared by variations of the methods used for 
olefins. Dehydrohalogenation of a dihalide, or dehalogenation of a tetra- 
halide may be employed. 

alcohol 

CH3CH-CH2 + 2KOH ■> CHbOCH + 2 KBr + 2H2O 

solution 
Br 

CH3(!m:H3 + 2 KOH CH3OCH + 2 KBr + 2H2O 

I solution 

Br 

BrBr 

CH3<1>-6h + 2 Zn ¥ CH3OCH + 2 ZnBr 2 

ir]^r 

A very convenient synthesis of aJkylacetylenes makes use of a>cetylene 
as the stiuting material. A hydrogen atom attached to an acetylenic 
carbon is weakly acidic and can be replaced by metais. Thus, acetylene 
and its homolo^ of the type give insoluWe silver salts 

(R-CfeCAg) on treatment with ammoniacal silver solutions. In uti- 
lizing this property for synthesis, acetylene is treated with sodium in 
liquid ammonia solution. The resulting sodium acetylide is tfami treated 


ir !l^r 



26 


UNSATURATED HYDROCARBONS 


with an aJkyl halide, yielding an acetylene of the type R-CfeCH. The 
preparation of 1-pentyne (n-propylacetylene) illustrates the synthesis. 

CH=CH + Na CHsCNa + iKz 

Sodium 

acetylide 

ClfeCNa + CH 3 Cn 2 CH 2 Br y CH 3 CH 2 CH 2 C=CH + NaBi 

1-Pentyne 

Since the monosubstituted acetylene (RC=CH) has one replaceable 
hydrogen atom, it might be supposed that it could be converted to the 
sodium derivative (RC^CNa) and this in turn to a disubstituted acetyl- 
ene (RC=CR') by treatment with an alkyl halide (R'X). Sodium amide, 
rather than sodium, is used in preparing the salt RC=CNa. 

The Diolefins 

Many hydrocarbons with more than one point of unsaturation are 
known. Among the most important are those which contain two olefinic 
linkages; these are called diolefins or simply dienes. 1,3-Butadiene and 
isoprene are interesting examples. 

CH2=CHCH=CH2 CH2=C~CH=CH2 

6h3 

1,3-Butadiene Isoprene 

Each of these hydrocarbons has a system of conjugated double bonds 
that is, a system of alternating double and single bonds. In such sys- 
tems each double bond is strongly influenced by the other. A striking 
illustration is the reaction between bromine and isoprene. 

CH2=C~CH=CH2 + Br2 ► BrCH2C=CHCH2Br 

(^Hs 6 h3 

1 ,4-Dibromo-2-methyl-2-butene 

This is an example of the process known as 1,4-addition. It is generally 
true that addition takes place at the ends of a conjugated system. 
Apparently the double bonds partially neutralize each other when they 
are in this position and the property of unsaturation develops only at 
points, such as the ends of the system, where the conjugation is inter- 
rupted. 

Isoprene is obtained when rubber is heated in the absence of air. 
In the presence of sodium the isoprene changes to a material which 
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closely resembles natural rubber. Since analysis of rubber shows it to 
have the formula (C 5 H 8 )n, it is apparent that rubber is a polymer of 
isoprene. 


(CsHg)* 


depolymematioD ^ 
^polymerization 


nCH2=C~CH==CH2 

6h3 

Isoprene 


Evidence indicates that the isoprene units in rubber are combined by a 
process similar to 1,4-addition, and that the polymeric molecule con- 
tains about 1,000 isoprene units. 

XCH2C=CHCH2 /CH2C=CHCH2\CH2C=CHCH2Y 

6h3 \ A 6h3 

Rubber 


In recent years chemists have been successful in the synthesis of 
rubber-like materials. The best-known sjnthetic rubbers are those of 
the Buna type. Buna rubber is made by polymerization of 1,3-buta- 
diene. The diene can be obtained by dehydrogenation of ?i-butane, 
which is available in large quantities from petroleum. 

oxide catalysts 

CH3CII2CH2CH3 ^ H2 + CH3Cn2CH=CH2 

n-Butane l-Butene 

1,3-Butadiene 

cH^cH=ca 

XCHjCH-CHCHj(CH2CH-CHCHj).CaCH=CHCH2Y ' 

Buna rubber 

The best types of Buna rubber arc copolymers, that is, another sub- 
stance capable of polymerization is added to the butadiene and the 
resulting polymer contains both units in the chain (p. 363). 

Neoprene is a synthetic rubber which is manufactured from acety- 
lene. The first operation is the dimerizaiion of acetylene, in the presence 
of cuprous salts, to vinylacetylene. 

CH=CH + CHsCH ^ HCkCCH=CH2 

Vinylacetylene 


Vinylacetylene combines with hydrogen chloride but, although the 



28 


UNSATURATED HYDROCARBONS 


expected 1,4-addition occurs, the product rearranges in the presence uf 
copper salts to give chloroprene. 

HCfeCCH=CH2 + HCl 

— ► CH2=C=CH-CH2C1 ^ CH2=C-CH=CH2 

Chloroprene 

If the reaction is carried out in the presence of copper salts chloroprene 
is obtained directly. Chloroprene differs from isoprene in having a 
chlorine atom in place of the methyl group, and like isoprene it polymer- 
izes readily. The polymer is known as Neoprene. 

XCH2C=CHCH2/CH20CHCH2\CH2C=CHCH2Y 

61 \ 61 )n (^1 

Necprene 

Neoprene has many of the physical properties of rubber. Unlike rubber, 
it retains its tensile strength and elasticity when it is in contact with 
organic liquids. Consequently it finds uses in gasoline and oil lines, for 
which rubber is not suited. 

PROBLEMS 

V 1. Write equations for the reaction of 1-butene with: hydrogen (platinum 
catalyst) ; bromine (at room temperature and in the absence of strong light) ; sul- 
furic acid, followed by hydrolysis; hydrogen chloride; ozone, followed by treat- 
ment with zinc and water; aqueous, alkaline potassium permanganate; hypochlo- 
rous acid. 

2. Define and illustrate the following terms: functional group; addition reac- 
tion; conjugated system; 1,4-addition; polymerization; copolymer. 

3. Write the formulas of n-butane, cyclobutane, 1-butene, 1-butyne, 1,3- 
butadiene. Compare their reactions with bromine, with respect to type of reac- 
tion, conditions required, and number of products obtamed. 

4. What are the commercial sources of ethylene? acetylene? 1,3-butadiene? 

5. By means of a formula, show the probable structure of rubber. Give equa- 
tions for the preparation of Neoprene from acetylene; of Buna rubber from 
petroleum. 

6. Give equations for a synthesis of 1-butyne from ethylene, acetylene, and 
any required inorganic reagents. 

SUGGESTED READINGS 

Fbolich, ‘‘Trends in the Development of Synthetic Rubbers,^’ Jnd. Eng, Chem., 

♦ News Ed,, 18, 285 (1940). 

Wood, “Synthetic Rubbm, A Review of Thdr Compositions, Properties, and Uses/ 
India RiMer World, 102 [4], 33 (1940). 
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PETROLEUM 

The principal constituents of petroleum are saturated hydrocarbons. 
Both paraffins and cycloparaffins may be present; cycloparaflSns occur- 
ring in petroleum are often called naphthenes. Crude oils are usually 
classified as paraffin-base oils or asphalt-base oils. The distinction is 
made on the basis of the residue, paraffin or asphalt, wliich remains when 
the oil is distilled. In addition to hydrocarbons, crude petroleum con- 
tains smaller amounts of organic nitrogen and sulfur compounds. 

Because it contains many related hydrocarbons, petroleum is difficult 
to separate into its individual components. By controlled distillation it 
can be separated into fractions of decreasing volatility. These fractions, 
each of which contains a large number of hydrocarbons, are used as fuels 
and lubricants. An idea of the composition of the common petroleum 
products may be gained from Table VI. 

TABLE VI 

I'ractional Distillation op Pbtbolpum 


Boiling Point 

Composition 

^ame 

Gaseous 

CH 4 -C 4 H 10 

Natural gds 

20 - 100 ® 

C 6 H 12 -C 7 H 16 

Naphtha, ligroin, petroleum ether 

70-200 

C6Hi4*-Ci2H26 

Gasoline 

200-276 

Ci2H26~Ci6H32 

Kerosene 

Above 275 

Ci6H82-Ci8H88 

Gas oil (cracking stock) 


Ci6H84~C2oH42 

Lubricating oil, mineral oil 


Ci8H88“C22H40 

Greases, vaseline 


C2oH42”^24H50 

Paraffin wax 

Residue 


Asphalt tar, petroleum coke 


The fractional distillation of an average crude oil yields a relatively 
small gasoline fraction, with larger amounts of kerosene and gas oil. 
Consequently chemists have long sought methods of converting these 
higher-boiling materials into gasoline. This is now accomplished in the 
cracking process, by which the large paraffins are decomposed at hi^ 
temperatures to ^ve a mixture of smaller paraffins and olefins (p. 9). 
The operation is carried out in cracking stills which permit the escape of 

29 
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the newly formed volatile hydrocarbons from the cracking zone. A por- 
tion of the cracking distillate is too volatile for use as gasoline, since 
cleavage near the end of the carbon chains produces hydrocarbons of low 
molecular weight (p. 12). Nevertheless, the process is of tremendous 
economic value, since it enables refiners to convert as much as 80 per cent 
of the crude oil into gasoline whereas only about 20 per cent could be 
obtained by fractional distillation. 

The cracking process not only has increased the quantity of gasoline 
available, but also has improved its quality. Gasoline made in this 
way has less tendency to cause knocking in a high-compression engine 
than the straight-run gasoline obtained by direct distillation of petro- 
leum. The unsaturated hydrocarbons in the cracked gasoline are re- 
sponsible for the improved anti-knock property. 

heat 

CisHas ■ ) C 9 H 20 + C 9 H 18 

C 10 H 22 + CsHie, etc. 

The anti-knock value of a gasoline is usually expressed in terms of the 
octane number. This term came to be used in the early studies of 
knocking because, of a great variety of pure hydrocarbons tested, iso- 
octane (2,2,4-trimethylpentane) was found to have the least tendency 
to knock. w-Heptane was found to have the poorest characteristics, so 
far as knocking is concerned. 

CH 3 CHs 

CH36CH26HCH3 CH3CH2CH2CH2CH2CH2CH3 

6h3 

Isooctane n-Heptane 

These two hydrocarbons were selected as reference points for the evalu- 
ation of gasolines. A fuel of 80 octane rating is one which has the same 
tendency to knock as a mixture of 80 parts of isooctane and 20 parts of 
n-heptane. It should be emphasized that the octane number does not 
refer to the composition of a gasoline, but only to its knocking charac- 
teristics. 

The improvements in the anti-knock qualities of gasoline have had 
far-reaching effects on the design of internal-combustion engines. An 
engine of given size can be made to operate more efficiently by increas- 
ing its compression ratio. However, when the compression ratio is in- 
creased it becomes necessary to employ a fuel of higher octane rating to 
avoid knocking. Consequently, as the octane value of commercial gaso- 
line is increased, automobile engines become smaller, more powerful, 
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and more efficient. These factors are of even greater importance in con- 
nection with airplane engines, since an improved fuel not only results 
in a more powerful machine but also extends the cruising range without 
increasing the fuel load. 

As indicated above (p. 12), the cracking process converts a part of 
the heavier paraffins into gaseous hydrocarbons. Both saturated and 
unsaturated hydrocarbons are produced. These are methane, ethane, 
ethylene, propane, propylene, n-butane, 1-butene, 2-butene, isobutane, 
and isobutylene, together with pentanes and pentenes. Since the un- 
saturated hydrocarbons are reactive they arc of value as raw materials, 
and large quantities of ethylene, propylene, butenes, and isobutylene 
are utilized by the chemical industry. 

In recent years methods of recombining the small hydrocarbon mol- 
ecules have been discovered. These processes yield hydrocarbons of 
the gasoline range and the products have very high octane ratings. 
The method first employed consists in treating isobutylene with sulfuric 
acid to produce isooctene. Hydrogenation of the latter converts it 
to isooctane (p. 30). 


CH2 

CH 36 + CIl3C=CH2 
CH3 CH3 


CHs CH3 

CH3CCH2C=CH2 — CHsCCHzCHCHs 

I I catalyst I I 

CII3 CTI3 CH3 CH3 

Isooctene Isooctane 


If a mixture of isobutylene and the butenes (1-butene and 2-butene) is 
employed, the isobutylene reacts preferentially with the butenes. The 
product is a mixture of octenes which can be hydrogenated to a 
mixture of octanes. 

. , , ^ B2SO4 ^ H2 ^ 

Isobutylene + Butenes ► Octenes ■■ Octanes 

catalyst 


More recently it has been found that branched-chain paraffins com- 
bine with olefins under the influence of acid catalysts (p. 20). The 
reaction between isobutane and the butylenes produces octanes directly. 


Isobutane + Butenes 


H2SO4 


Octanes 


The paraffins produced in condensations of this type are not those which 
would be expected if the reaction were a simple addition of the iso- 
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paxaffin to the olefin. For example, isobutane condenses with propylene 
to yield chiefly 2,3-dimethylpentane rather than 2,2-dimethylpentane. 
The isobutane molecule appears to undergo cleavage to a methyl and 
an isopropyl radical and these become attached to the propylene mol- 
ecule. 

CH3CHCH3 > CH3CH- + CHs- 

6h3 6h3 


CHaCH^CHa + CH3- -|- CH3CH- 

6H3 


CH3CH3 

CH36H-6HCH2CH3 

2,3-Dimethylpentane 


The condensation of isobutane with the butenes appears to take a 
similar course. This reaction is accompanied by the formation of lower 
and higher paraffins (pentanes to decanes) which are also suitable for 
gasoline. 

In commercial practice, the fraction containing all the four-carbon 
hydrocarbons (n-butane, isobutane, 1-butene, 2-butene, and isobutyl- 
ene) is treated with sulfuric acid. All the components except n-butane 
are converted into gasoline hydrocarbons; the n-butane is easily sepa- 
rated from the gasoline produced. Part of it is isomerized to isobutane 
and part is dehydrogenated to butenes. 

CHs 

CH3CH2CH2CH3 y CH36HCH3 

oxide catalysts 

CH3CH2CH2CH3 ^ Butenes + H2 

heat 


These are added to the next charge, so that conversion to gasoline is 
substantially complete. The product contains highly branched satu- 
rated and unsaturated hydrocarbons. It has an octane rating of about 
100 and thus makes an excellent aviation fuel. 

The refining of higher-boiling fractions of petroleum to produce lubri- 
cating oils involves processes designed to remove objectionable constitu- 
ents. Among them are treatment with sulfuric or other add to remove 
gum-forming materials, chilling to cause crystallization of paraffin wax 
which is then separated by filtration, and, in more recent practice, the 
extraction with solvents to remove non-lubricating constituents. 

The utilization of petroleum by the chemical industry will be discussed 
in subsequent chapters. 
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CHAPTER VI 


AROMATIC HYDROCARBONS 

A number of hydrocarbons have been isolated from coal tar, the black 
viscous material which distils when coke is prepared by heating coal at 
1100-1300°. These are sometimes called the coal tar hydrocarbons, but 
they are more generally referred to as the aromatic hydrocarbons. The 
simplest member of this family is benzene, CeHs. 

Comparison of the formula of benzene with that of a paraffin of six 
carbon atoms indicates that the hydrocarbon is highly unsaturated. 
Yet it is almost devoid of the properties which distinguish the olefins 
and acetylenes. For example, it does not respond to the Baeyer test 
(p. 21), and when it is treated with a halogen in the absence of a 
catalyst no reaction occurs. If a catalyst such as an iron or aluminum 
halide is present, a reaction does occur, but it is one of substitution 
rather than of addition. Thus, so far as the type of reaction with halo- 
gens is concerned, benzene resembles the paraffins rather than the 
olefins. On the other hand, the halogenation of benzene differs from 
that of a hexane in requiring a different catalyst and in producing a 
single product rather than a mixture of isomers. For example, an 
excellent yield of bromobenzene is obtained by treating benzene with 
bromine in the presence of iron. Presumably the iron is converted to 
ferric bromide which is the catalyst. 

FeBra 

CaHo + Bra 4 CcUsBr + HBr 

Benzene Bromobenzene 

The fact that a single bromobenzene is formed, although it might be 
expected that the bromine could become attached to any one of the six 
carbon' atoms, suggests that benzene is a cyclic compound in which all 
the carbon atoms are equivalent. That a ring is present is proved by 
the catalytic hydrogenation of benzene. Under conditions similar to 
those employed in hydrogenating olefins or acetylenes, benzene is un- 
affected, but at higher temperatures and pressures it is converted to 
cyclohexane. 
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CeHe “|~ 3H2 


Benzene 


CH2 

Ni CH2 CH2 
^ CH2 CH2 

Cyclohexane 


This indicates that the formula of benzene differs from that of cyclo- 
hexane by the presence of three double bonds. Such a formula was 
proposed by Kekul6 in 1865. 

H 

C 

/ \ 

lie CH 


V 

II 

Benzene 


Although benzene does contain double linkages, it is not to be com- 
pared to the olefins. It will be recalled that in the conjugated dienes 
the double bonds tend to neutralize each other except at the ends of the 
system, and consequently tend to undergo 1,4 addition. Benzene is to 
be regarded as having a completely conjugated system, so that the 
mutual neutralization of the double bonds is at a maximum. 

A number of homologs of benzene are found along with it in the light 
fraction from the distillation of coal tar. Among them are toluene and 
the xylenes. The xylenes, or dimethylbenzenes, illustrate a type of 
isomerism which is very common in the aromatic series. The two 
methyl groups may be placed in three different positions with respect 
to each other; these isomers differ in orientation. 



CHa 

C 

CHa 

C 

CHa 

C 

/ \ 

HC CH 

11(5^ %&) 

/ ^ 

HC CH 

HC CH 

II 1 

HC CH 

II L 

HC CH 

II 

HC CTO 

H(! in 

V 

V 



H 

H 

H 


Toluene 

ortho-Xylene 

meta-Xylene 

para-Xylene 
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One of the early objections to Kekul^’s formula for benzene was based 
on the argument that it indicates the existence of two forms of ortho- 
xylene, depending on the position of the double bonds. 


CH3 

C 

y ^ 

HC CCHa 

in 

V 

H 


CH3 

C 

y \ 

HC CCH3 

Hi L 

V 

H 


It has been foimd, by examination of the products of ozonization (p. 
21), that both forms are present in ordinary ort/io-xylene. Since no 
one has ever been able to separate them it is assumed that the two forms 
are in equilibrium with each other. In other words, the double bonds of 
the benzene ring are not fixed but oscillate between the two possible 
positions. 

For convenience in writing formulas the benzene ring is ordinarily 
represented by a hexagon with alternate double and single bonds. In 
naming aromatic substances the prefixes ortho, meta, and para are abbre- 
viated, only the first letters being used. These abbreviations are illus- 
trated in the formulas below. 


CHs 

C 

/ \ 

HC CCHs 


i: 


HC CH 

V 

H 

ortho-Xylene 


CH3 

P^CHz 


o-Xylene 


The aromatic hydrocarbons react with the halogens, with nitric add, 
and with sulfuric add to give products of substitution. The reactions 
can be made to give good yields of mono-subsrituted products by limit- 
ing the amounts of the reagents. 


Chlorination 


ys 

I +CI2 

V 




-f HCl 


Chlorobenzene 
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Nitration 


Sulfonation 



+ H0N=0 



0 

+ HO^OH 

1 

o 


H2S04 


r;AN=0 

|| U +H=0 


Nitrobenzene 


SO3 ^ 


O 

I 6 + 

V 


Benzenesulfonic acid 


These reactions occur at moderate temperatures when the catalysts 
indicated are present. 

By using appropriate amounts of reagents disubstituted products can 
be obtained. With two molecules of chlorine, benzene yields a mixture 
of 0 - and p-dichlorobenzenes. The same products are obtained from 
chlorobenzene and one molecule of chlorine. 


In other 
isomers. 


Cl 


Cl 

/\ 


and 




+ HCI 


Cl 

o-DicMorobenzene p-Dichlorobenzene 


substitutions chlorobenzene likewise yields both ortho and para 


HsSO. 

+ HONO 2 


Cl 

/Sn02 


and 





+ H 20 


+ HOSO2OH 


SOt 


o-Chloronitrobenzene p-Chloronitrobenze&e 

Cl Cl 

a020H 

and j 

V 

S020H 

o-Chlorobenzenesulfonic p-Chlozobenzenesulfomc 

acid acid 


+ H 2 O 


On the other hand, substitutions carried out on nitrobenzene yield the 
meto isomer. 
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+ CI2 


+ HONO2 


NO2 
Feds /\ 


+ HC1 


w-Chloronitrobeazene 

NO2 

+H ,0 

7w-DinitrobenzeDe 


+ HOSO2OH — 

V i^S020H 

m-Nitrobeiizenesulfonic acid 

These examples illustrate a general truth: the position taken by the 
second substituent entering a benzene ring is determined by the nature 
of the substituent already present. Certain groups, like -Cl, -Br, -I, 
-CH 3 , and ~CH 2 CH 3 , are ortho, paro-directing, that is, when they are 
attached to the benzene ring they cause the second substituent, regard- 
less of its nature, to enter the ortho and para positions. The common 
Twe^a-directing groups are ~N02, “SO2OH, and -CO2H. 

A rule which is very useful in predicting the directive influence of a 
group attached to the benzene ring has been formulated b y Ham mick 

and Illingworth. The rule states that if, in the compound 

Y is to the right of X in the periodic table or above X, if X and Y are in 
the same group, then -XY is me^a-directing. In all other cases, including 
that in which -XY is a single atom, -XY is ortho, para-directing. There 
are few exceptions to this rule. 

When a third group is introduced into the ring the directive influ- 
ences of both the first two must be considered. Sometimes the directive 
influences reinforce each other, as in in-dinitrobenzene. Introduction 
of a third nitro group gives only the symmetrical trinitrobenzene, since 
each nitro group directs the entering group to the 5 position. 


+ HONO2 


l.,3,6-Trmitrobenzene 


+ H2O 
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A similar situation is encountered in the nitration of toluene. The 
first products arc, of course, o- and p-nitrotoluene. 

CHa CH3 CH3 

/\ „ „„ /%n02 

and II I +H 2 O 


+ HONO2 ^ 




NO2 

o-Nitrotoluene ]p-Nitrotoluene 


In o-nitrotoluene both the methyl group and the nitro group will direct 
a third group to the 4 and 6 positions. In the para isomer the 2 and 6 
positions are activated. If a second nitro group is introduced by nitrar 
tion of the mixture of o~ and p-nitrotoluenes two isomeric dinitrotoluenes 
may be produced. 

CHa 

NO2 NO2 

NO2 

2,4-Dinitrotoluene 2,6-Dinitrotoluene 



CHa 



In the first of these isomers further substitution will take place in the 
6 position, and in the second isomer in the 4 position. Further nitra- 
tion of the mixture therefore gives a single product, 2,4;6-trinitrotoluene 
(TNT), 

CHa 


NO21 


/\ 


1NO2 


V 

N02 

2,4,6-Trimtrotoluene 


When the directive influences oppose each other a variety of further 
substitution products may be formed. In ?n-chIoronitrobenzene, for 
example, the entering group wiU be directed to the 5 position by the nitro- 
group and to the 2, 4, and 6 positions by the chlorine atom. 



A type of reaction somewhat different from the substitutionB dis- 
cussed above is the Friedel-Crafts reaction. It takes place when alu- 
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minum chloride is added to a mixture of an aromatic hydrocarbon and 
an alkyl halide. For example, ethyl chloride and benzene yield ethyl- 
benzene. 


A 

|| I + CH3CH2CI 



+ HC 1 


Ethylbenzene 


If ethylene is used in place of the halide the same product is formed by 
an addition reaction. 


A 

|| I + CH2=CH2 


A1C13 

\ 


CH2CH3 



Certain substances, like toluene, ethylbenzene, and the xylenes, can 
be considered as mixed hydrocarbons, since they contain both aromatic 
and paraffinic portions. The properties of such compounds are of in- 
terest in affording comparisons of aromatic and paraffinic hydrocarbons. 
For instance, when toluene is subjected to vigorous oxidation, it is the 
methyl group rather than the benzene ring which is affected. The 
product is benzoic acid, the simplest aromatic acid. 


1CH3 



+ 3 [ 0 ] 


A 


,C02H 




+ H 20 


Benzoic acid 


If a longer paraffin side chain is present all its carbon atoms except 
attached to the ring are converted to carbon dioxide. 


rj^CHzCHs 


Ethylbenzene 


+ 6 [ 0 ] 


0 CO2H 

+ CO2 + 2H2O 

Benzoic acid 


The halogenation of toluene affords an illustration of the specificity 
of catalysta If toluene is chlorinated in the presence of strong light, 
substitution in the methyl group occurs. Either one, two, or three 
hydrog^s can be replaced by regulating the amount of chlorine used. 
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ultraviolet light 

+ CI2 ) 



+ HCI 


Benzyl chloride 


CH2CI 

A 

I + CI2 
V 


ultraviolet light 


CHCI2 

A 

I +HCI 

V 


Benzal chloride 


CHCI2 CCI3 


A 

1 

. ultraviolet light 

+ CI2 \ 

A 

A 


A 


+ HC1 


Benzotrichloride 

If chlorination is carried out in the presence of ferric chloride, substitu- 
tion in the aromatic nucleus occurs, yielding a mixture of 0- and p-chloro- 
toluenes. 


CHs 

/\ 




+ Cl2i^ 


CHs 

Aci 


CHs 

/\ 


and 




+ HCI 


Cl 

o-Chlorotoluene p-Chlorotoluene 


A second type of aromatic hydrocarbon found in coal tar is that con- 
taining more than one benzene ring. Examples are naphthalene (CioHg), 
anthracene (C14H10), and phenanthrene (Ci4Hio)- 



AAA 

I 

VW 


Naphthalene 


Anthracene 


AA 

k/v\ 

[ i 
V 

Phenanthrene 


From the commercial standpoint the most important of these is naphtha- 
lene. It is the most abun^nt of the hydrocarbons isolated from coal 
tar and has found many uses in the preparation of dyes, medidnalf, and 
other substances. 
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Examination of the formula of naphthalene reveals that there are 
two possible monosubstitution products. The positions designated by 
a in the formula below are equivalent, as are also those designated by jS. 


a a 


/3 


CSrenerally, naphthalene yields the a-derivative in substitutions. For 
example, bromination gives a-bromonaphthalene, and nitration yields 
a-nitronaphthalene. 


Br 



FeBrs 

► 




+ HBr 


a-Bromonaphthalene 



+ HONO2 


NO 2 

/V\ 


+ H 20 


a-N itronaphthalene 


Sulfonation, on the other hand, may produce either the alpha or beta 
derivative, depending on the temperature of the reaction mixture. At 
low temperatures (80°) a-naphthalenesulfonic acid is produced. If this 
product is heated to about 160° in the presence of sulfuric acid it re- 
arranges to the beta isomer. Consequently sulfonation at 160° produces 
jS-naphthalenesulfonic acid. 




I + HOSO2OH 



vv^ 


S020H 



+ H 20 


ot-Naphthalenesulfonic 

acid 



+ HOSO2OH 


H2S04j^l60'’ 

1600 f ^OaOH 



+ H2O 


/3-Naphthalenesulfonic 

acid 
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Preparation of Aromatic Hydrocarbons from Petroleum. Most of the 
coke produced today is used in the steel industry. Coal tar and the 
aromatic hydrocarbons may therefore be regarded as by-products of 
steel manufacturing. In normal times the amounts so produced are 
sufficient for the needs of the chemical industry. In fact, the blending 
of benzene with gasoline and the use of toluene as a diluent for lacquer 
solvents indicate that both these hydrocarbons have been available in 
abundance. In time of war, however, the demand for trinitrotoluene 
(p. 39) may far exceed the supply of toluene. For tliis reason chemists 
have sought other sources of aromatic hydrocarbons. 

Crude oil which contains a high percentage of naphthenes (cyclo- 
paraffins) affords a source of aromatic hydrocarbons. Benzene may bo 
prepared from cyclohexane and toluene from methylcyclohexane. 


CH2 

/ \ 

CH2 CH2 


heat 


/\ 




CH2 CH2 ^ J 

\ / ^ 

CH2 

Cyclohexane Benzene 

CHs 
CH 

CH2 \h 2 heat 


+ 3H2 


CHa 

/\ 


4 


V 


CH2 CH2 

Methylcyclohexane Toluene 


+ 3H2 


More striking is the conversion of straight-chain paraffins to aro- 
matics. Toluene is obtained in good yields by dehydrogenation and 
^y clizaticJiljl^-lieptane . 

CH3 

Cfi3t)52CH2CH2CH2CH2CH3 -4^ iPl + 4 H 2 


catalyst 


n-Heptane 


toluene 


This process is now employed to produce toluene from the heptane frao 
tion of petroleum. 
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Classification of Organic Compounds 

The three major classes of organic compounds are the aliphatic, the 
alicyclic, and the aromatic substances. Aliphatic compounds include 
all derivatives of the open-chain hydrocarbons, such as the paraflSns, 
olefins, and acetylenes. The closely related alicyclic compounds are 
derivatives of the cycloparafiins. Aromatic compounds are those which 
contain one or more rings of the benzene type. 

The groups derived from aromatic hydrocarbons by removal of one 
hydrogen atom are called aryl groups. Chlorobenzene and bromo- 
naphthalene are termed aryl halides. The group so derived from ben- 
zene is known as the phenyl group. This term arose from an early 
attempt to use the name phene instead of benzene. Curiously enough, 
the name was accepted as the stem for naming derivatives but is no 
longer used for the hydrocarbon. Examples of its use are indicated 
below. 

Diphenylmethane Biphenyl 

PROBLEMS 

1. With respect to the type of reaction and the conditions required, compare 
the reactions of cyclohexane, cyclohexene, and benzene with bromine. 

2. By application of the Hammick-Illingworth rule, predict the directive 
influence of the trichloromethyl group in benzotrichloride. 

3. Give equations for useful methods of synthesis of the following: p-dibromo- 
benzene, m-nitrobromobenzene, p-nitrobromobenzene, p-nitrobenzotrichloride, 
of-chloronaphthalene. 

4. What is the maximum number of monosubstitution products which may be 
obtained by the action of bromine in the presence of iron on o-xylene? 77i-xylene? 
p-xylene? 

5. Give equations for the reactions involved in the preparation of; TNT from 
petroleum. 
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CHAPTER VII 


ALCOHOLS 

Those compounds which contain a hydroxyl group attached to an 
aliphatic or alicyclic hydrocarbon residue are known as alcohols. The 
simple alcohols thus have the formula C„H 2 n+iOH. Their functional 
group is the hydroxyl group. Their chemical properties are those of 
the hydroxyl group and those of the paraffin group C„H 2 n+i. It will 
be seen that the properties of the hydrocarbon residue are modified by 
the presence of the hydroxyl group. The following are some of the 
simpler alcohols; in the systematic names the suffix ol indicates the 
hydroxyl group. 

TABLE VII 


Straight-Chain Primary Alcohols 


Name 

Structural Formula 

Boiling Point 

Methyl alcohol (methanol) 

CH3OH 

66® 

Ethyl alcohol (ethanol) 

CH3CH2OH 

78 

n-Propyl alcohol (1-propanol) 

CH3CH2CH2OH 

97 

ri-Butyl alcohol (1-butanol) 

CH3CH2CH2CH2OH 

117 

n-Amyl alcohol ( 1 -pentanol) 

CII3CH2CH2CH2CH2OH 

137 

n-Hexyl alcohol (1-hexanol) 

CH3CH5CH2CH2CH2CH2OH 

167 


It is interesting to note that these compounds have boiling points 
much higher than those of the corresponding paraffins. Compounds 
having hydroxyl groups usually are less volatile than other substances 
of similar molecular weight. Indeed, water (b.p. 100°) boils much higher 
than the hydrides of other elements near oxygen in the periodic table 
(NHs, b.p. —78°; H 2 S, b.p. —62°; HCl, b.p. —84°). It has been found 
that the abnormal boiling point of water is due to the association of 
water molecules. This association involves the formation of a coordina- 
tion bond between the hydrogen atom of one molecule of water and 
the oxygen atom of another. In the process the hydrogen atom acquires 
a shell of four electrons. 

:0:H:0:H or O-H-O-H 

•• •• II 

H H H H 

Association of water 
45 
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The boiling points of the alcohols indicate that a similar association 
occurs even though one of the hydrogen atoms of water has been re- 
placed by an alkyl group. 

:0:H:0:H or O-H-O-H 

•• •• II 

R R R R 

Association of alcohols 

The coordination bond formed between a hydrogen atom and a donor 
atom, such as exists in water and the alcohols is often called the ‘‘hydrogen 
bond”; a better although less generally used term is “hydrogen bridge.” 


Isomerism and Classification of Alcohols 

In the examples given in the preceding table the hydroxyl group is 
situated at the end of the carbon chain. These alcohols, represented by 
the formula RCH2OH are primary alcohols. The isomeric propyl alco- 
hol has the formula CH3CHCH3 and is known as isopropyl alcohol 

6h 

(2-propanol). Alcohols such as this, represented by R 2 CHOH, are 
secondary alcohols. There are four butyl alcohols, including two which 

TABLE VIII 

The Isomeric Butyl Alcohols 


Name 

Class 

Formula 

Boiling 

Point 

Solubility in 
Water at 20° g. 
per 100 g. H 2 O 

n-Butyl alcohol 
( 1 -butanol) 

Primary 

CH 3 CH 2 CH 2 CH 2 OH 

118^* 

7.9 

Isobutyl alcohol 

( 2 -methyl- 1 -propanol) 

Primary 

CH 3 CHCH 2 OH 

6h3 

108 

9.5 

sec-Butyl alteohol 
( 2 -butanol) 

Secondary 

CH 3 CH 2 CHCH 8 

OH 

100 

12.5 

<-Butyl alcohol 
( 2 -methyl- 2 -propanol) 

Tertiary 

CH 3 

CH 360 H 

6hs 

83 

00 


are primary, one which is secondary and one, represented by the 
formula R3COH, which is tertiary. Their formulas and names are given 
in Table VIII. The boiling points and solubilities in water of these 
alcohols provide an excellent example of the wide variations which may 
exist in the properties of isomeric substances. 
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There are eight amyl alcohols. Three are derived from n-pentane, four 
from isopentane, and one from neopentane (see p. 11). Their names, 
formulas, and classes are given in Table IX. A system of naming alco- 
hols as carbinols is illustrated in this table. In this system methyl 
alcohol (CH3OH) is given the name carbinol, and higher alcohols are 
named as substituted carbinols; e.g., ethyl alcohol is methylcarbinol, 
isopropyl alcohol is dimethylcarbinol, and ^-butyl alcohol is trimethyl- 
carbinol. 

TABLE IX 
The Amyl Alcohols 


Name 





Class 

Formula 

Geneva system 

Carbinol system 

1-Penianol 

n-Butylcarl)inol 

Primary 

CH3CH2CH2CH2CH2OH 

2 -Pcntanol 

Methyl-n-propyl- 

Secondary 

CH3CH2CH2CHCH3 


carbinol 


3 -Pen tanol 

Diethylcarbinol 

Secondary 

CH3CH2CHCH2CH8 




OH 

3 -Methyl-l-buianol 

Isobutylcarbinol 

Primary 

CH3CHCH2CH2OH 



6hs 

3 -Methyl- 2 -butanol 

Methylisopropyl- 

carbinol 

Secondary 

CII3CH-CHCH, 

CHsOH 



1 

OH 

2-Methyl- 2 -butanol 

Dimethylethyl- 

Tertiary 

CH36CH2CHS 

carbinol 


CHs 

2 -Methyl - 1 -butanol 

sec-Butylcarbinol 

Primary 

CH8CH2CHCH2OH 



6 h 3 




CHs 

2,2-Dimethyl-l-propanol 

i-Butylcarbinol 

Primary 

CH86-CH2OH 


i 

6h3 


Preparation of Alcohols, A number of general methods of preparing 
alcohols from other organic compounds, such as aldehydes, ketones, and 
esters, are discussed in later chapters. In this section are given some of 
the commercial methods of preparing the lower alcohols. 

Methyl alcohol Most of the methyl alcohol produced today is pre- 
pared from carbon monoxide and hydrogen. The raw materials are 
coke and water. Water gas is first prepared, then mixed with hydrogen 
and passed over a zinc chromite catalyst at a pressure of about 3000 lb 
per square inch and at a temperature of 450®. 
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C + H2O 
CO + 2H2 


CO + H2 (water gas) 


zinc chromite 
460“, 3000 Ib./sq. in. 


¥ CH3OH 
Methanol 


The methyl alcohol produced in this way is of very high purity (99.9%). 

Methyl alcohol has been called wood alcohol because it is a by-product 
of the wood charcoal industry. Water, acetone, and acetic acid are 
formed along with methyl alcohol, so that it is difficult to obtain the 
alcohol in a pure state from this source. The method is of little impor- 
tance at the present time. 

Ethyl alcohol is prepared from sugar by fermentation. When pure 
alcohol for industrial purposes is desired the raw material is molasses. 
In the preparation of alcoholic beverages from grains, the starch of the 
grain must first be converted to sugar. This is accomplished by treating 
the grain with malt. Malt is prepared by heating sprouted barley to a 
temperature sufficiently high to kill the barley but not to destroy a 
substance, known as diastase, which catalyzes the transformation of 
starch into sugar. Diastase is an example of a group of substances 
known as enzymes, compounds synthesized by living organisms for the 
purpose of catalyzing certain organic reactions. The transformation of 
sugar into alcohol is brought about by the enzyme zymase which is 
present in yeast. 


Starch 


diastase 

(malt) 


4 Sugar 


zymase 

(yeast), 


> CH3CH2OH + CO2 


The fermentation is carried out in water solution and yields a dilute 
solution (14 to 18 per cent) of ethyl alcohol, along with small amoimts 
of amyl alcohols. By fractional distillation the constant-boiling mixture 
of 95.5 per cent alcohol and 4.5 per cent water is obtained. This is the 
ordinary ethyl alcohol of commerce. If anhydrous (“absolute”) alcohol 
is desired the water is removed chemically or by redistillation in the pres- 
ence of benzene. The latter method depends on the fact that benzene, 
water, and alcohol form a constant-boiling mixture of boiling point 65°. 
Benzene and alcohol form another constant-boiling mixture of boiling 
point 68°. Thus, if benzene is added to ordinary alcohol and the mix- 
ture is fractionated, the first fraction, consisting of benzene, water, and 
alcohol, is collected at 65°. If benzene is present in excess, this will be 
followed by a fraction at 68°, consisting of benzene and alcohol. The 
last fraction, distilling at 78.3°, is anhydrous ethyl alcohol. 

The conversion of ethylene (from cracking stills) to ethanol already 
has been mentioned (p. ^). The ethylene is dissolved in ccmcentiated 
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sulfuric add, yielding ethylsulfuric acid. Water is then added to hydro- 
lyze the ethylsulfuric acid to ethyl alcohol and sulfuric add. 

CH2OH2 + HOSO2OH 7 I± CH3CH2OSO2OH 

Ethylsulfuric acid 

CH3CH2OSO2OH + H2O ;;z± CH3CH2OH + HOSO2OH 

Isopropyl alcohol is prepared from propylene by the same method (p. 
20 ). It is to be noted that ethylene is the only olefin which leads to a 
primary alcohol (Markownikoff’s rule, p. 19). 

CH 3 CH=CH 2 + HOSO2OH ;z± CH3CHCH3 

OSOaOH 

Isopropylsulfuric acid 

CH3CHCH3 + H2O 7 i± CH3CHCH3 + HOSO2OH 

(')S 020 h 6 h 

rirPropyl alcohol and isobutyl alcohol are obtained by the condensation 
under high-pressure of carbon monoxide with hydrogen in the presence 
of zinc chromite and an alkali. The products with the alkaline catalyst 
are methanol, ethanol, n-propyl alcohol, isobutyl alcohol, and higher 
branched-chain alcohols. These are separated by fractional distillation. 

sec-Butyl alcohol and t-hutyl alcohol are obtained from olefins. Both 
1 -butene and 2 -butene yield scc-butyl alcohol; isobutylene yields ^-butyl 
alcohol. 


CH3CH2CH=CH2j h 2 S 04 ^ 
CH3CH=CHCH3 J 


CH3 

CH36CH2 


H 2 SO 4 

— > 


CH3CH2CHCH3 CH3CH2CHCH3 

6 SO 2 OH 6 h 

eec-Butyl alcohol 

CH3 CH3 

CH3(bcn3 CH 3 CCH 3 

6 SO 2 OH 6 h 

f-Butyl alcohol 


nrBidyl akokol is prepared by the fermentation of starch or sugar in 
the presence of the bacterium Clostridium acddbutylicum. The process 
is usually known as the Weizmann fermentation, after the discoverer. 
The M 1 EBT may be obtained either as molasses or from corn. The prod- 
ucts are tjrbutyl alcohol (60 per cent), acetone (30 per cent), and ethyl 
alcohol (10 per cent). These are separated by fractional distillation. 

Apotb A f noTnmftrnifl .1 syntheffls of n-butyl alcohol employs acetalde- 
hyde as the raw matmal (p. 225). Since acetaldehyde is obtained bow 
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acetylene this amounts to the synthesis of n-butyl alcohol from coke or 
petroleum (p. 22). 

l^eactions of the Alcohols 


1. With Metals, The hydrogen atom of the hydroxyl group is re- 
placed when an alcoM is treated with sodium, potassium, magnesium, 
or other reactive memls. The product is known as an alkoxide. 

2CH3C]^20H + 2Na ¥ 2CH3CH20Na + H 2 

Sodium ethoxide 

2/^H30H + Mg y (CH30)2Mg + H 2 

Magnesium methoxide 

2. With Hal(^en Acids. When an alcohol and a halogen acid are 
brought togetl^r the hydroxyl group of the alcohol is replaced by a 
halogen atom, /an alkyl halide and water being formed. This method 
is used extenfflvely for the preparation of alkyl halides. In the prepara- 
tion of br(^des sulfuric acid is ordinarily used as the catalyst and 
aqueous hydrobromic acid as the reagent. If dry hydrogen bromide is 
used at / temperature of about 100° no catalyst is necessary. These 
inethoc^ are illustrated by the preparation of n^butyl bromide and 
cycloh^xyl bromide, respectively. 


CH3CH2CH2CH2OH + HBr 
n-Butyl alcohol 

CH2 

/ \ 

CH2 enoH 


A 


CH 2 CH 2 

\ / 

CH 2 

Cyclohexanol 


+ HBr (gas) 


CH 3 CH 2 CH 2 CH 2 Br + H 2 O 
n-Butyl bromide 

CH 2 

/ \ 

lOo- CH 2 CHBr 






CH 2 


::h2 

\ / 

CH2 

Cyclohexyl bromide 


+ H 2 O 


In the preparation of alkyl chlorides from alcohols and concentrated 
hydrochloric acid, anhydrous zinc chloride is an excellent catalyst. A 
solution of the chloride in concentrated hydrochloric acid, known as the 
Lucas reagent, is used in the laboratory for classifying the lower alcohols. 
The test takes advantage of the fact that under these conditions tertiary 
alcohols react rapidly with halogen acids, secondary alcohols much less 
rapidly, and primary alcohols very slowly. Reaction is indicated by 
the appearance of cloudiness in the solution; the solution becomes cloudy 
because the alkyl chloride is insoluble. The use of the test can be made 
clear by considering its application to the butyl alcohols. 
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CHa 

CH36-OH + HCI (ZnCla) 
(^Ha 

i-Butyl alcohol 


20 ° 

one minute 


CHa 

♦ CHaC-Cl + H2O 
CHa 

<-Butyl chloride 


90 ° 

CHaCHaCHCHa + HCI (ZnCla) 1 CHaCHaCHCHa + H2O 

I ten minutes i 

OH Cl 

s€c-Butyl alcohol sec-Butyl chloride 


CH3CH2CH2CH2OH + HCI (ZnCk) 

w-Butyl alcohol 

20 ° 


several hours 


Clh 

>CHCH20H + HCI (ZnCl2) 

CHa 

Isobutyl alcohol 


20 ° 


^ CHaCH2CH2CH2Cl + H 2 O 

w-Butyl chloride 

CH^ 


>CHCH2C1 + H20 

several hours CHa 

Isobutyl chloride 


When this reaction is adapted to the preparation of primary chlorides 
it can be made to proceed more rapidly by raising the temperature. 

Alkyl iodides can be prepared from alcohols and hydriodic acid, but 
the method below is more satisfactory. 

3. With Phosphorus Halides. Halides of phosphorus react with alco- 
hols to give alkyl halides. Alkyl iodides are generally prepared by treat- 
ing an alcohol with red phosphorus and iodine. The latter reagents 
combine to form phosphorus triiodide, which then converts the alcohol 
to the corresponding alkyl iodide. The synthesis of ethyl iodide from 
ethyl alcohol is an example. 


3CH3CH2OH + P + 31 ► 3CH3CH2I + H3PO3 


4. With Oxygen Adds; Esterification. Alcohols react with oxygen acids 
to form esters and water. The process is called esterification. When 
organic acids are employed a small amount of mineral acid is added as 
a catalyst. Methyl alcohol reacts with sulfuric acid to yield either 
methylsulfuric acid or methyl sulfate, depending on the conditions. 

CH3OH + HOSO2OH H2O + CH3OSO2OH 

Methylsulfuric acid 

2CH3OSO2OH ^ CH3OSO2OCH3 + HOSO2OH 

Methyl sulfate 
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Ethyl alcohol and nitric acid form ethyl nitrate. 

CH3CH2OH + HONO2 ^ H2O + CH3CH2ONO2 

Ethyl nitrate 

When acetic acid is esterified with n-butyl alcohol the product is n- butyl 
acetate. 

CH3CH2CH2CH2OH + CH3O-OH 

Acetic acid 

m ✓o 

;;z± H2O + CH3C-OCH3CH2CH2CH3 
n-Butyl acetate 

5. Dehydration, The removal of the elements of water from an alcohol 
is often a convenient method for the preparation of olefins. When simple 
alcohols are involved the sulfuric acid process (p. 17 ) is used. This is 
illustrated by the conversion of 2-pentanol into 2-pentene. 

CH3CH2CH2CHCH3 + HOSO2OH 7Z± CH3CH2CH2CHCH3 

(Sh (!)S020h 

2-Pentanol 

100 ® 

CH3CH2CH2CHCH3 — ^ CH3CH2CH=CHCH3 + HOSO2OH 
OSO2OH 2-Pentene 

It is to be noted that the temperature employed in the above preparar 
tion is lower than that required in the case of ethylene (p. 17 ). In 
general, primary alcohols are most stable and tertiary alcohols are least 
stable to dehydrating agents; secondary alcohols are of intermediate 
stability. 

Other acids, such as potassium acid sulfate, phosphoric acid, or ben- 
zenesulfonic acid, can be used in place of sulfuric acid in the preparation 
of olefins from alcohols. Olefins may also be obtained by passing the 
vapor of an alcohol over a hot catalyst. Ethylene can be made from 
ethyl alcohol by this scheme. 

CH3CH2OH CH2=CH2 + H2O 

360 ® 

6. Ether Formation. Ethers are obtained by the removal of one mol- 
ecule of water from two molecules of an alcohol. This is usually accom- 
plished indirectly by converting part of the alcohol to the alkylsulfuric 
add which is then heated while more of the alcohol is added. The syn 
theds of ethyl ether is illustrative. 
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CH3CH2OH + HOSO2OH CH3CH2OSO2OH + H2O 

140 ® 

CH3CH2OH+CH3CH2OSO2OH — > CH3CH2OCH2CH3+HOSO2OH 

Ethyl ether 

The same result can be achieved by vapor-phase dehydration of the 
alcohol in the presence of a catalyst. 

2CH3CH2OH CH3CH2OCH2CH3 + H20 

260 

H 

I 

7 . Oxidation, Alcohols containing the group -C-OH are attacked by 

I 

mild oxidizing agents. The process involves removal of the two hydro- 
gen atoms, leaving the group -C= 0 , If a primary alcohol is used the 

resulting product is an aldehyde. Unless special precautions are taken 
the aldehyde is oxidized to an acid. Ethyl alcohol, for example, yields 
acetaldehyde and finally acetic acid. 

CH3CH2OH + [ 0 ] — y H2O + CH3(>H CH3(>0H 
Ethyl alcohol Acetaldehyde Acetic acid 

Secondary alcohols are oxidized to ketones which are resistant to 
further oxidation. The simplest secondary alcohol, isopropyl alcohol, 
is converted to acetone. 

CH3CHCH3 + [ 0 ] > CH3CCH3 + H2O 

OH b 

Isopropyl alcohol Acetone 

H 

I 

Tertiary alcohols do not contain the group -O-OH and hence cannot 

I 

give a similar reaction. Actually it is found that their oxidation leads 
to the cleavage of the carbon chain. 

The TTse of Alkyl Eblides in Synthesis 

The reactions of alcohols, discussed above, are of value in the syn- 
thesis of other compounds, such as aldehydes, ketones, ethers, esters, 
and alkyl hnlidfta Very often these substances are prepared for use as 
intermediates in further syntheses. This is true particularly of the 
alkyl halides; they undergo a variety of reactions and can be utilized in 
the i^theas of many types of compounds. Some of these transformsf 
tions are listed below. 
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1 . With Alkali Cyanides. Primary alkyl halides react metathetically 
with sodium or potassium cyanide. The organic cyanides so produced 
are generally known as nitriles. Their value depends chiefly on the fact 
that they can be hydrolyzed to acids. If the alkyl halide is prepared 
from an alcohol, the process amounts to the synthesis of an acid of one 
more carbon atom than the alcohol (ROH ► RCO2H). This is exem- 

plified by the transformation of isoamyl alcohol into isocaproic acid. 

CH3 H0SO4 CH3 

>CHCIl 2 CH 20 H + HBr 4 >CHCH2CH2Br + H2O 
CH3 CH3 

Isoamyl alcohol Isoamyl bromide 

CH3 cm 

>CHCH2CH2Br + NaCN V >CIICH2CH2CN + NaBr 

CHa CH3 

Isocapronitrile 
(isoamyl cyanide) 

CHa CHa ^0 

>CIICH2CH2CN + 2 H 2 O V >CHCH2CH2C-ONn4 

CHa CHa 

Ammonium isocaproate 

CHa /O CHa /O 

>CHCH 2 CH 2 C- 0 NH 4 + HCl y >ClICn2CH2C-OH + NH4CI 

CHa CHa 

Isocaproic acid 

2 . With Sodium Alkoxides. The Williamson Synthesis of Ethers. The 
synthesis of ethers from alcohols and sulfuric acid (p. 52 ) yields simple 
or symmetrical ethers of the type ROR. When a mixed or imsym- 
metrical ether, ROR', is desired, the Williamson synthesis is often used. 
The starting materials are usually the two alcohols ROH and R'OH. 
One of them is converted to the alkoxide by treatment with metallic 
sodium and the other is transformed to a halide. Interaction of these 
two reagents yields the unsymmetrical ether. The preparation of n-butyl 
methyl ether from methyl alcohol and 71-butyl alcohol serves as an 
cx£tmplc 

2CH3OH + 2 Na ► 2 CHaONa + H2 

CHaCHaCHaCHaOH + HBr CHaCHaCHaCHaBr + H2O 

CHaONa-l-CHaCHaCHaCHaBr ► CHaOCHaCHaCHaCHa+NaBr 

7»-Butyl methyl ether 

3 . With Alkali Metals. The Wurtz Synthesis of Paraffins. An alkyl 
halide can be converted to a paraffin of twice the number of carbon 
atoms by reaction with metallic sodium. For example, a convenient 
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method of preparing ri-octane involves a Wurtz reaction with ?i-butyl 
bromide. 

2CH3CH2CH2CH2Br + 2 Na 

► CH3CH2CH2CII2CH2CH2CH2CH3 + 2NaBr 

n-Octane 

4 . With Metallic Magnesium, Formation of Grignard Reagents, In 
the presence of anhydrous ether, alkyl halides react with magnesium to 
form ether solutions of organomagnesium halides. Such a solution is 
known as a Grignard reagent, after the discoverer, the French chemist, 
Victor Grignard. An example is the formation of ^-butylmagnesium 
chloride. 

CH3 CH3 

I I 

CH3C-CI + Mg CHsO-MgCl 

CH3 CH3 

t-Butyl magnesium chloride 
(a Grignard reagent) 

The Grignard reagents are very reactive substances and are employee 
in many syntheses. For example, the cyanide synthesis of acids from 
tertiary halides is imsuccessful, but these acids can be prepared by way 
of the Grignard reagents. 

CHs CHs Q 

CHsi-MgCl + CO2 ► CH3(!)-C^MgCl 

CH3 (5JH3 

CHa Q CHs^q 

CHsC-C-OMgCl + HCl — ► CH 3 CM> 0 H + MgCk 

CH3 CHs 

Trimethylacetic acid 

The use of the Grignard reagent in other synthetic methods will be 
mentioned frequently in subsequent chapters. 

5 . With Sodium-Lead Alloy, Organolead compounds are obtained 
from alkyl halides by treatment with sodium-lead alloy^ The most 
important example is the commercial preparation of tetraethyllead. 

4CH3CH2CI + Pb + 4 Na — > Pb(CH2CH3)4 + 4 NaCl 

6 . With Reducing Agents, The halogen atom of an alkyl halide can 
be replaced by a hydrogen atom by reduction. Sometimes a metal and 
an acid are used. 
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When an alkyl iodide is to be reduced, hydriodic add is occadomdly 
employed as the redudng agent. 

160 ° 

CH3CH2I + HI > CH3CH3 + I2 

Since hydriodic acid converts alcohols to alkyl iodides, a variation of 
this method consists in treating an alcohol with excess hydriodic add. 

C6H5CH2OH + 2 HI CeHsCHa + H2O + I2 

Benzyl alcohol Toluene 

A further variation consists in treating an alcohol with red phosphorus, 
water, and a small amount of iodine or hydriodic acid. The phosphorus 
and iodine combine to give phosphorus iodide, which is hydrolyzed to 
phosphorous acid and hydriodic acid. The latter reacts with the alcohol 
to yield the iodide, and with the iodide to form the hydrocarbon and 
iodine. The iodine liberated at this stage reacts with more phosphorus 
and the cycle is repeated. Thus, only a trace of iodine or hydriodic 
acid need be employed. 

7. With Alkalies, The dehydrohalogenation of alkyl halides by treat- 
ment with anhydrous alkali has been mentioned as a method for pre- 
paring olefins (p. 18). If aqueous alkali is used the alkyl halide under- 
goes hydrolysis, yielding an alcohol. The hydrolysis involves reversing 
the reaction by which alkyl halides are usually prepared, and in con- 
sequence, it is of value only in special cases where the halide is pre- 
pared from a ra w material other than an alcohol. An important example 
is the commercial preparation of ethylene glycol (see next paragraph). 
The reaction is also utilized commercially in the preparation of a mix- 
ture of amyl alcohols by chlorinating pentanes and hydrolyzing the 
resulting amyl chlorides. 

CsHia + CI2 > HCl + CsHiiCl 

Mixed pentanes Mixed amyl chlorides 

2C6HiiC 1 + Ca(OH )2 ¥ 2C6HuOH + CaCk 

Mixed amyl alcohols 
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Polyfunctional Alcohols 

Alcohols containing two hydroxyl groups arc known as glycols. The 
most important of this group of compounds is the simplest member, 
ethylene glycol. It is prepared commercially from ethylene by way ot 
ethylene chlorohydrin and ethylene oxide. 

CH2CH2 + HOCl — ► CH2-CH2 CH2-CH2 

II \ / 

OH Cl O 


Ethylene chlorohydrin 


CH2-gH3-+-Ji2a^- 

/o 


Vi 


H2-CH2 


OH OH 

^th5'lene giycol 

Etliylene glycol ift n, at 197°. It has a sweet taste; 

indeed, the name glycol (yXv/cvs, sweet; oi, alcohol) derives from this 
fact. Most compounds containing several hydroxyl groups are extremely 
soluble in water; ethylene glycol and water are miscible in all propor- 
tions. Because of its high boiling point, its low solvent action on rubber 
and lacquers, and its solubility in water, ethylene glycol is widely used 
as an antifreeze for automobile radiators. In recent years it has come 
to prominence as the cooling liquid for airplane engines. One of its 
advantages over water in this connection is that it permits a higher 
operating temperature, which increases the efficiency of the engine. 

Ethylene glycol has the chemical properties to be expected of an alco- 
hol with two primary hydroxyl groups. The most common derivatives 
are its esters and ethers (p. 60). Esters are formed with both inorganic 
and organic acids. An example of the former type is the dinitrate. 


CH2OH + 2HONO2 
CH2OH 


H2SO4 


\ CH2ONO2 + 2H2O 


CH2ONO2 

Ethylene glycol dinitrate 


Ethylene glycol dinitrate bears a close structural relationship to nitro- 
glycerine and like it is a powerful explosive. It is used extensively as 
an ingredient of dynamite (p. 58). 

Esters of organic acids may be obtained by the methods used with 
simple alcohols. For example, acetic acid and the glycol form the 
diaoetate. 

✓O H2SO4 

CH2OH + 2CH3C-OH CH2OOCH3 + 2H2O 

^H20H 6h20C^H3 
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The glycols obtained from the higher olefins, such as propylene 
glycol, CH3CH-CH2, and the butylene glycols, CH3CH2CH-CH2 and 

OH OH OH 6 b . 

CH3CH-CHCH3, have not attained the industrial importance which 

OH OH 

attaches to ethylene glycol. Glycols such as trimethylene glycol, 
HOCH2CH2CH2OH, and tetramethylenc glycol, HOCH2CH2CH2CH2OH, 
are prepared by other methods. 

Glycerol, or glycerine, is a trihydroxy alcohol of the formula 
CH2CH-CH2. It boils at 290 ° and is more viscous than ethylene 

OH OH OH 

glycol. It is also completely miscible with water. Glycerol is obtained 
as a by-product of soap manufacture. 

CH2OH 

Fat -+■ Alkali > Soap -t- CHOH 

6H2OH 

Glycerol 

Because it takes up water from the air, glycerol finds many uses as 
a moistening agent. Its use in tobaccos depends on this property. 
Large quantities of glycerol are used by the rayon industry (p. 201 ). 
It is one of the raw materials for the preparation of resins for use in 
varnishes and enamels (p. 139 ). 

Glyceryl trinitrate, or nitroglycerine, is made by the treatment of 
glycerol with nitric acid in the presence of sulfuric acid. 

CH2OH CH2ONO2 

(!jHOH + 3HONO2 CHONO2 + 3H2O 

CH20H CH20N02 

Nitroglycerine 

Nitroglycerine is one of the most powerful high explosives. It is a color- 
less liquid which freezes just above 0 °. In the liquid state it is very 
sensitive to shock and so is dangerous to handle. It is generally used 
as dynamite, which consists of a porous material such as clay or saw- 
dust impregnated with nitroglycerine and cast into sticks. In this form 
it is much less sensitive to shock and can be transported with little 
risk. When dynamite is subjected to temperatures'below 0 °, the nitro- 
glycerine crystallizes and the dynamite becomes so stable that it does not 
respond to the detonation caps. Low-freezing dynamites are made with 
mixtures of nitroglycerine and ethylene glycol dinitrate (m.p. —20®). 
Ethylene glycol dinitrate is itself a more powerful explosive than nitro- 
glycerine, so the efficiency of the dynamite is not lessened by such addition. 
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The Ethers 

Ethers are usually prepared by the action of sulfuric acid on alcohols 
(p. 52) or by the Williamson method (p. 54). The latter is employed 
when mixed ethers (ROR') are sought. The names and boiling points 
of a few ethers are given in Table X. 


TABLE X 
Table op Ethers 


Name 

Formula 

Boiling 

Point 

Class 

Methyl ether 

CH3OCH3 

-24*’ 

Aliphatic 

Methyl ethyl ether 

CH3OCH2CH3 

10 

Mixed, aliphatic 

Ethyl ether 

C2H6OC2H5 

35 

Aliphatic 

n^Butyl ether 

C4H9OC4H9 

142 

Aliphatic 

Anisole (methyl phenyl ether) 

CH3OC6H5 

155 

Mixed 

Phenyl ether 

CeHsOCfiHs 

259 

Aromatic 

Phenyl p-tolyl ether 

C6H5OC6H4CH3 

278 

Mixed, aromatic 


The most common of these is ethyl ether, ordinarily known simply as 
ether. It is the most widely used general anesthetic. It is an excellent 
solvent for many organic compounds and is used in industry and in the 
laboratory in this connection. 

The ordinary ethers are inert toward most reagents. They can be 
cleaved by halogen acids. For example, ethyl ether is converted to 
ethyl bromide by the action of excess concentrated hydrobromic acid. 

CH3CH2OCH2CH3 + HBr ► CH3CH2OH + CH3CH2Br 

CH3CH2OH + HBr ¥ CH3CH2Br + H2O 

Ethylene oxide is a cyclic ether of unusual interest. It is prepared 
by the action of alkali on ethylene chlorohydrin or by the controlled 
oxidation of ethylene (p. 21). 

CH2=CH2 + HOCl ¥ CH2CH2 

<!)h 61 


CH2CH2 + NaOH 
(!)H 61 

2CH2=CHa + O2 


♦ CH2CH2 + NaCl + H20 
Ethylene oxide 


Ag 

200-400 


4 2CH2CH2 


Ethylene oxide 
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Ethylene oxide is much more reactive than are the simple open-chain 
ethers. For example, although ethyl ether is so inert toward Grignard 
reagents that it is employed as the solvent in their preparation, ethylene 
oxide reacts readily with these compounds. / 3 -Phenylethyl alcohol, a 
constituent of attar of roses, is made commercially by this method. 


^MgCl - 1 - CH2CH2 


Phenylmagnesium 

chloride 


CH 2 CH 20 MgCl + HCl 


^CH2CH20MgCl 
^^^CH 2 CH 20 H -I- MgCl 2 

jS-Phenylethyl alcohol ' 


This reaction is often employed in S3mthetic work as a process for 
lengthening carbon chains. By converting the alcohol to the bromide 
and repeating the synthesis it is possible to build up carbon chains 

of any desired length; RBr ► RCH2CH2OH —4 RCH2CH2Br 

— > RCH2CH2CH2CH2OH, etc. 

Ethylene oxide reacts with alcohols to give monoethers of ethylene 
glycol. 

CH3CH2OH + CH2CH2 — > CH3CH2OCH2CH2OH 

'^0'^ Monoethyl ether of 

ethylene glycol 


The product from ethyl alcohol is sold under the name cellosolve 
for use as a solvent. Other similar solvents are methylcellosolve, 
CH3OCH2CH2OH, and butylcellosolve, CH3CH2CH2CH2OCH2CH2OH, 
obtained from the oxide and methyl and n-butyl alcohols, respectively. 

When ethylene oxide is allowed to react with ethylene ^ycol the 
product is diethylene glycol. 

HOCH2CH2OH + CH2CH2 ► HOCH2CH2OCH2CH2OH 

Diethylene glycol 

By employii^ cellosolve in this reaction carbitol is obtained. 
CH8CH2OCH2CH2OH + CH2CH2 

¥ CH3CH2OCH2CH2OCH2CH2OH 

Celloeolve Carbitol 

Methylcarbitol and butylcarbitol are produced from the corresponding 
oellosolves. 

Ethylene mdde may be regarded as the monomolecular ether of ethyl- 
ene glycol. A by-product obtained in its preparation is dioxane, the 
bimolecular ether of the glycol. 
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Cl 

dkg 


CHa 



HO 

\ 

CHa 

ina 

/ 

Cl 


+ 2NaOH 


O 

CHa ^Ha 


CHa CHa 

\ / 

0 


+ 2Naa + 2HaO 


Dioxane 

Dioxane is also obtained from the glycol by the ordinary sulfuric acid 
process. 


MERCAPTANS (IHIO ALCOHOLS) AND SDLFTOES (THIO ETHERS) 

Mercaptans 

From the close relationship of oxygen and sulfur in the periodic table 
it might be expected that substances analogous to alcohols, but con- 
taining sulfur instead of oxygen, could be prepared. Such compounds 
are well known. The simplest is methyl mercaptan, CH 3 SH. The 
names and boiling points of a few members of this series are given in 
Table XI. The systematic names of these compounds are derived in 
the same manner as those of the alcohols, the name ending being thiol. 


TABLE XI 
Mercaptans 


Name 

Formula 

Boiling Point 

Methyl mercaptan (methanethiol) 

CHaSH 


Ethyl mercaptan (ethanethiol) 

CH8CH2SH 

37 

n-Propyl mercaptan (l-propanethiol) 

CH3CH2CH2SH 

68 

Isopropyl mercaptan (2-propanethiol) 

CH3CHCH3 

CH3CH2CH2CH2SH 

60 

n-Butyl mercaptan (1-butanethiol) 

98 


It will be noted that the mercaptans have lower boiling points than 
the corresponding alcohols, although their molecular weights are 
greater. This indicates that they do not associate as do the alcohols 
(p. 45). 

Mercaptans are usually prepared from an alkyl halide and sodium 
hydrosulfide. Thus n-butyl mercaptan is formed from n-butyl bromide 
and sodium hydrosulfide. 

CHaCHaCHaCHaBr + NaSH ► NaBr -1- CH 3 CH 2 CH 2 CH 2 SH 

T^Butyl mercaptan 

This reaction may be compared to the formation of an alcohol from an 
alkyl halide and sodium hydroxide. 
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A comparison of the chemical properties of mercaptans and alcohols 
reveals more contrasts than similarities. For example, the mercaptans 
are weak acids, whereas alcohols are neutral. Benzyl mercaptan reacts 
with sodium hydroxide to give the corresponding salt, sodium benzyl 
mercaptide. 

<^^"^CH2SH + NaOH > <^^^CH2SNa + H2O 

Benzyl mercaptan Sodium benzyl 

mercaptide 

The acidity of the mercaptans is in harmony with the view that they 
are the alkyl derivatives of hydrogen sulfide, which is an acid. The 
alcohols may be considered as the alkyl derivatives of water. 

The behavior of mercaptans toward oxidizing agents is altogether dif- 
ferent from that of the alcohols. A mild oxidizing agent removes the 
hydrogen atom of the functional group, giving rise to a disulfide. The 
oxidation may be brought about by iodine, hydrogen peroxide, hypo- 
iodite solutions, or even the oxygen of the air. Iodine, for example, 
converts methyl mercaptan to dimethyl disulfide. 

2CH3SH + I2 ► CH3SSCH3 + 2HI 

Dimethyl disulfide 

This reaction is quantitative and can be used for the analytical deter- 
mination of mercaptans. The mercaptan can be regenerated by reduc- 
tion of the disulfide. 

Strong oxidizing agents convert mercaptans to sulfonic acids. Methyl 
mercaptan, for example, yields methanesulfonic acid. 

O 

CH3SH + 3 [ 0 ] > CH3S-OH 

6 

Methanesulfoiuc acid 

This reaction is sometimes used for the preparation of aliphatic sulfonic 
adds. 


Sulfides 

The sulfides show as little resemblance to ethers, so far as chemical 
properties are concerned, as do the mercaptans to the alcohols. The 
sulfides are usually prepared from mercaptides and alkyl halides. An 
example is the preparation of benzyl methyl sulfide from sodium benzyl 
mercaptide and methyl iodide. 
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^ ^CH2SNa + CH3I ¥ ^H2SCH3 + Nal 

Sodium benzyl Benzyl methyl 

mercaptide sulfide 

A modification employed in the preparation of symmetrical sulfides 
consists in treating an alkyl halide with sodium sulfide. Sodium sulfide 
acts upon Ti-butyl bromide to give di-n-butyl sulfide. 

2CH3CH2CH2CH2Br + Na2S ¥ (CH3CH2CH2CH2)2S + 2 NaBr 

Di-n^butyl sulfide 

The best-known sulfide is / 3 ,iS'-dichlorodiethyl sulfide, or mustard gas. 
It is prepared from ethylene and sulfur chloride. 

2CH2=CIl2 + S2CI2 ¥ CICH2CH2SCH2CH2CI + S 

Mustard gas 

Another method employs ethylene oxide and hydrogen sulfide. The 
primary product is thiodiglycol, which is converted to mustard gas by 
hydrochloric acid. 

/Os 

2CH2-CH2 + H2S — > HOCH2CH2SCH2CH2OH 

Thiodiglycol 

HOCH2CH2SCH2CH2OH + 2 HC 1 

► CICH2CH2SCH2CH2CI + 2H2O 

Mustard gas is a powerful vesicant; it penetrates the skin without caus- 
ing any immediate pain but within a short time deep blisters, which heal 
very slowly, form on the exposed area. The name mustard gas is mis- 
leading. The substance is a liquid boiling at 215 °. !Efecause of its high 
boiling point it evaporates very slowly, and a sector which has been 
subjected to a mustard gas attack remains hazardous for many days. 

The sulfides are easily oxidized, taking up one or two atoms of oxygen. 
Mild oxidizing agents convert them to sulfoxides, which can be further 
oxidized to sulfones. 

0 

R— S~R -f- [ 0 ] " ") R-S—R 

H2O2 a sulfoxide 

J^lOlHNOa 

0 

R-S-R + 2[0] ► R-S-R 

HNOs ^ 

a sulfone 



64 


ALCX)HOLS 


PROBLEMS 

1. Write equations for the transformation of n-amyl alcohol into: (a) w-amyl 
bromide, (6) n-amyl ether, (c) ethyl n-amyl ether, (d) 1-pentene, (e) 2-pentanol, 
(/) n-valeraldehyde (CH 3 CH 2 CH 2 CH 2 CHO), (g) n-valeric acid, (h) n-pentane. 
(i) n-amyl mercaptan, {j) n-amyl acetate, (k) n-amylcellosolve, (1) n-amylcarbi- 
tol, (m) n-amyl disulfide, (n) n-amyl sulfide, ( 0 ) 1-pentanesulfonic acid, (p) 
7i-heptyl alcohol. 

V 2. Write the formulas of the following alcohols, indicate their classes, and name 
them according to the Geneva system: (a) n-amylcarbinol, (b) isoamylcarbinol, 
(c) methylisobutylcarbinol, (d) neopentylcarbinol, (e) methyldiethylcarbinol, (/) 
benzylcarbinol. 

✓ 3. Write equations for the commercial preparations of methyl alcohol, ethyl 
alcohol, the propyl alcohols, and the butyl alcohols. 


SUGGESTED READINGS 

Killepfbr, '^Butanol and Acetone from Corn,” Ind. Eng. Chem.y 19 , 46 (1927). 
Levey, *The Production and Economics of Synthetic Glycerol,” Ind. Eng. Chem.^ 
News Ed., 16 , 326 (1938). 

Backhaus, ^Ethyl Alcohol,” Ind. Eng. Chem., 22, 1151 (1930). 



CHAPTER VIII 


ALDEHYDES AND KETONES 
The Aldehydes 

Those compounds containing the group -C-H are known as alde- 
hydes. The name originated from the consideration that the compounds 
are obtained from primary alcohols by dehydrogenation (aJcohol 
de/iydrogenatum). The common aldehydes are named with reference 
to the acids which they yield on oxidation. The Geneva system employs 
the ending al. Examples are given in Table XII, 


TABLE XII 
Aldehydes 


Name 

Formula 

Boiling 

Point 

Name of the 
Corresponding 
Acid 

Formaldehyde (rnethanal) 

HC-H 


Formic 





Acetaldehyde (ethanal) 

CHsC-H 

/O 

CH3CH2C-H 

CH3CH2CH2C~H 

CeHeC-H 

20.2 

Acetic 

Propionaldehyde (propanal) 

48.8 

Propionic 

n-Butyraldehyde (butanal) 

75.7 

Butyric 

Benzaldehyde 

179.6 

Benzoic 

p-Tolualdehyde 


204 

p-Toluic 





o-Naphthaldehyde 

CQo 

291.6 

o-Naphthoic 


C-H 




The Prqmratioxi of Aldehydes. 1. As indicated above, aldehydes may 
be obtained from piimary alcohols. In one of the commercial processes 
for acetaldehyde, catalytic dehydrogenation is used. 


CHsCHaOH ^ CHaC^H + Ha 

300 

Acetaldehyde 

66 
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The industrial preparation of acetaldehyde by the hydration of acety- 
lene has been mentioned elsewhere (p. 23). 

In laboratory preparations it is frequently more convenient to employ 
an oxidizing agent. Although the aldehydes are more easily oxidized 
than the alcohols the process can be made successful by operating at 
temperatures above the boiling point of the aldehyde, but below that of 
the alcohol. Another adaptation of the use of an oxidizing agent is the 
air oxidation of methyl alcohol by passing it through a hot silver gauze; 
some air is admitted to burn a part of the hydrogen and thus produce 
the heat required for the reaction. 

2CH3OH + O2 2HC-H + 2H2O 

000 ^ 

(air) 

This method is used commercially for the preparation of formaldehyde. 

2. The hydrolysis of 1,1-dihalides is often a convenient method for 
the preparation of aromatic aldehydes. For example, benzaldehyde is 
obtained from toluene by the following reactions. 

heat ACHC12 

“b 2 CI 2 I “b 2HC1 

V 

Benzal chloride 



The second step is carried out in the presence of an alkali or carbonate 
which neutralizes the hydrochloric acid. 

There are a number of other methods for the preparation of alde- 
hydes; a more extensive discussion wiU be found in Chapter XXI. 

Formaldehyde. Formaldehyde is a colorless gas of very irritating 
odor. It is a strong poison, and has been used as a disinfectant and as 
a fumigant. It is usually sold as a 40 per cent aqueous solution under 
the name formalin. The stability of this solution indicates that it may 
contain the hydrate of formaldehyde (p. 300). 

0 

HC^H + HOH =li 

Formaldehyde is also transported and sold as the solid polymer, para* 
formaldehyde, which can be obtained by evaporation of formalin. The 
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polymerization involves self-addition of many molecules of formalde- 
hyde. 


H 

H 

H 

H 

6=0 

6=0 

6=0 

6=0 

1 

H 

H 

1 

H 

1 

H 


-CHzOCHzOCHaOCHaO- or (CH2O), 

Paraformaldehyde 

Paraformaldehyde undergoes depol3rmerization when it is heated, 
forming gaseous formaldehyde. When the latter is desired in the labor- 
atory it is usually obtained in this way. The use of “formaldehyde 
candles” in fumigation is another application of this process. The 
candle is paraformaldehyde which is depolymerized over a miniature 
alcohol stove. 

Formaldehyde reacts with ammonia to give hexamethylenetetramine, 
(CH2)6N4, also known as urotropine. 

CH2 



Nx /N 

CH2 CH2 

6CH2O + 4NH3 — ► ''N/ + 6H2O 

CH2 CH2 CH2 



N 


Hexamethylenetetramine 


When hexamethylenetetramine is taken internally it is hydrolyzed in 
the kidney and is eliminated as formaldehyde. It is used in medicine 
as a urinary disinfectant. It is also employed as a catalyst in the vul- 
canization of rubber. Treatment with 96 per cent nitric acid at 0° 
converts hexamethylenetetramine into trimethylenetrinitroamine, which 
is known as Hexogen and is a high explosive resembling Tetryl 



CH2 CH2 

\ / 


N 


lll02 


Hexogen 
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The most important uses of formaldehyde at the present time are in 
the preparation of plastics (pp. 126, 163). 

The Higher Aldehydes. The reactions of formaldehyde discussed 
above are peculiar to it. In addition it undergoes a number of reactions 
which are also characteristic of the other aldehydes. These are dis- 
cussed below. 

1. Oxidation. Perhaps the outstanding property of aldehydes is the 
ease with which they are oxidized to acids. Such mild oxidizing agents 
as alkaline solutions containing silver or copper salts suffice to bring 
about the reaction. If a silver salt is to be used it is first dissolved in 
an excess of ammonium hydroxide. The resulting solution, known as 
Tollens' reagent, deposits metallic silver when an aldehyde is added. 
If the reaction is carried out in scrupulously clean glassware the silver 
forms a mirror on the walls of the vessel. This reaction is widely used 
as a laboratory test for aldehydes; it is known as the T aliens' test or as 
the silver mirror test The following equation represents the reaction 
for formaldehyde. 

HC~H + 2AgOH ► HC-OH + 2Ag + H 2 O 

Formaldehyde Formic acid 


The Fehling test and the Benedict test differ in that a copper salt is 
employed. Alkaline solutions containing a cupric salt and salts of cer- 
tain organic acids are stable, although cupric hydroxide is insoluble in 
water. Fehling’s solution contains potassium sodium tartrate (p. 142) 
and Benedict's solution contains sodium citrate (p. 142). When an 
aldehyde is added the copper is reduced and separates as cuprous oxide. 
For convenience in writing equations the reagents may be considered 
as containing cupric oxide. 


>C-H + 2CuO 


Benzaldehyde 



✓0 

C-OH + CuaO 


Benzoic add 


2. Reduction. The dehydrogenation of primary alcohols to aldehydes 
is a reverable process. By treating an aldehyde with hydrogen in the 
presence of a catalyst such as platinum or nickel the primary alcohol 
can be obtained in good jdelds. Thus n-butyraldehyde, normally made 
from 7i-butyl alcohol by dehydrogenation, can be reconverted to it by 
hydrogenation. 

Pt 

CH 8 CH 2 CH 2 C-H + H 2 ► CH 8 CH 2 CH 2 CH 2 OH 

tz-Butyralddiyde n-Butyl alcohol 
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Chemical reducing agents^ such as iron and acetic acid, also may be 
used to transform an aldehyde to a primary alcohol. 

3. Addition of Reagents Containing Active Hydrogen Atoms. Aldehydes 
react with sodium bisulfite, hydrogen cyanide, alcohols, and, in some 
cases, ammonia. All the reactions are alike in that the carbonyl group 
of the aldehyde undergoes addition of the reagent. The hydrogen atom 
of the reagent goes to the oxygen atom, and the remainder of the reagent 
to the carbon atom, of the carbonyl group. The general scheme may 
be represented as follows. 

R-C^H + HZ — > R-G-Z 

I 


The sodium bisulfite addition products of aldehydes are obtained when 
the aldehyde, sometimes in alcohol solution, is added to aqueous sodium 
bisulfite. 

CH3CH2CH2C-H + HSOsNa CH3CH2CH2(!^S03Na 

H 

n-Butyraldehyde Bisulfite addition product of 

n-butyraldenyde 


Since these addition products are salts, their solubilities are greatly dif- 
ferent from those of the aldehydes. Because of this they are sometimes 
very useful in purifying aldehydes. For instance, if benzaldehyde (b.p. 
179.5°) were prepared in the laboratory by the dehydrogenation of 
benzyl alcohol (b.p. 205°) the crude product would probably contain 
some of the unchanged alcohol. Purification could be effected by treat- 
ing the material with sodium bisulfite solution and adding alcohol to 
precipitate the addition product. The latter, being a salt, is insoluble 
in ether and can be washed free of benzyl alcohol with this solvent. 
Treatment of the purified addition product with either acid or base 
regenerates benzaldehyde. 


^ ^ HSOaNa ^ 


Beozalddiyde 


- < >C-S08Na 

^ 

Bisulfite addition 
product of benzaldehyde 



pH 

i-SQsNa 



^ + Naa + H3O + SOa 

X) 

< 7 C-H + NaaSOs + NaHCJOa 
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Cyanohydrins, compounds containing both a cyano group and a 
hydroxyl group, are obtained from aldehydes and hydrocyanic add. 
That from acetaldehyde may be taken as an example. 

OH 

CH3(!>-CN 

I 

H 

Acetaldehyde 
cyanohydrin 

Cyanohydrins are used in the synthesis of substituted acids (pp. 141, 
307), Because hydrocyanic acid is a poisonous gas the cyanohydrins 
are usually made indirectly by treating a bisulfite addition product with 
sodium or potassium cyanide. Sodium cyanide and the bisulfite addi- 
tion compound of benzaldehyde react according to the following scheme. 

OH OH 

<^^^C-S03Na + NaCN ► ^G-CN + Na2S03 

H H 

Benzaldehyde 

cyanohydiin 

A hemiacetal is formed when an aldehyde and an alcohol are brought 
together. Hemiacetals are ordinarily unstable and decompose to the 
aldehyde and alcohol during attempted isolation. Formaldehyde and 
ethyl alcohol are believed to react in this manner. 

,0 

H-<^H + CH3CH2OH H-G-OCH2CH3 

H 

Hemiacetal from formaldehyde 
and ethyl alcohol 

In the presence of a trace of mineral acid the hemiacetal reacts with 
another molecule of alcohol, by elimination of a molecule of water, 
forming an acetal. The acetals are stable under ordinary conditions. In 
the presence of acid and water they revert to aldehydes and alcohols. 
This is illustrated by the reversible formation of the diethyl acetal of 
formaldehyde. 

OH OCH2CH3 

H-dj-OCHaCHs + CH8CH3OH ;=i H-<b-OCH 2 CH 3 + H2O 

Formaldehyde 
diethyl acetal 


,0 

CH3C-H + HCN — > 
Acetaldehyde 
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If a mercaptan is used instead of an alcohol the sulfur analog of the 
acetal is obtained. These substances are called mercaptals. 

Ammonia yields unstable addition products with aliphatic aldehydes 
other than formaldehyde (p. 67). Acetaldehyde is often collected by 
passing it into ammonium hydroxide. The solid aldehyde ammonia 
which is formed can be reconverted to the aldehyde by treatment with 
dilute acids. 

CH3C-H + NH3 ;z± CH3C-NH2 

H 

Acetaldehyde ammonia 

Aromatic aldehydes and ammonia react in a different manner (p. 303). 

4. Addition of the Grignard Reagent. The Grignard reagent adds to 
the carbonyl groups of aldehydes with the formation of derivatives of 
alcohols. With formaldehyde a primary alcohol is obtained. n-Butyl 
alcohol can be made in this way from n-propyl bromide. 

H-C-H + CH3CH2CH2MgBr ► CH3CH2CH2CH20MgBr 

n-Propylmagnesium 

oromide 

CH 3 CH 2 CH 2 CH 20 M^Br + HCl ¥ CH3CH2CH2CH2OH + MgBrCl 

n-Butyl alcohol 

It will be noted that the primary alcohol produced contains one more 
carbon atom than the Grignard reagent. The process thus enables one 
to convert an alcohol to the corresponding primary alcohol of one addi- 
tional carbon atom; ROH — ► RBr —4 RMgBr > RCH 2 OH 

(p. 55). 

All other aldehydes yield derivatives of secondary alcohols upon treat- 
ment with a Grignard reagent. Methylphenylcarbinol may be obtained 
either from acetaldehyde and phenylmagnesium bromide or from ben- 
zaldehyde and methylmagnesium bromide. 

CH 3 O-H + >MgBr OMgBr 

CHsMgBr + ^OH ^ 

OH 

^6hCH 3 + MgBiO] 

Methylphenylcarbinol 
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With semicarbazide, semicarbazones are obtained. This reaction has 
been carried out with formaldehyde, for example. 

^0 ■ 

H-C-NHNH(>NH2 

k J 

¥ H-0NNHC-NH2 + H2O 

I 

H 

Formaldehyde semicarbazone 

The oximes, phenylhydrazones, and semicarbazones arc of value in 
the identification of carbonyl compounds because they are usually easily 
purified solids of definite melting points. Phenylhydrazine is particu- 
larly useful as a reagent for sugars (p. 192). 

6. Reactions of Aldehydes in the Presence of Alkali. Aldehydes may 
be separated into two classes according to their behavior in the presence 
of alkali. The basis of the separation lies in the reactivity of the hydro- 
gen atoms attached to the carbon adjacent to the carbonyl group. This 
carbon atom is usually called the a-carbon. The use of the Greek let- 
ters in this sense is illustrated with n-butyraldehyde. 

/O 

CH3CH2CH2C-H 

y fi a 

n-Butyraldehyde 

The a-carbon atom is the one to which the functional group is attached. 
When the functional group is a carbonyl group the hydrogen atoms on 
the a-carbon atom are very reactive. This activation does not extend 
to the hydrogen atoms on the jd- and y-carbon atoms; these appear to 
have very little more reactivity than the hydrogen atoms in w-butane. 

The aldol condensation. Aldehydes which have a hydrogen atom on 
the a-carbon atom undergo self-addition in the presence of alkali. Thus, 
acetaldehyde gives aldol. 

/O /O NaOH ^0 

CH3OH + CHsO-H ;=± CH3(M:!H2C-H 
^ *1 
H 

Aldol 

The reaction closely resembles the other additions of the aldehydes. 
A hydrogen atom of the second molecule attaches to the oxygen atom, 
and the remainder to the carbon atom of the carbonyl group of the 
first molecule. 


H~C~H + H 2 NNHC-NH 2 — ► 
Semicarbazide 
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Aldol contains a hydroxyl group and an active hydrogen atom on 
adjacent carbon atoms. These can be removed easily, either by heating 
or by treatment with a dehydrating agent, to give crotonaldehyde. 

OH n n 

I heat 

CH3CH-CH2C-H ► CH3CH=CHC-H + H2O 

Crotonaldehyde 

If crotonaldehyde is desired, aldol is prepared under mild conditions 
and then dehydrated. If a mixture of acetaldehyde and sodium hydrox- 
ide solution is heated, the crotonaldehyde reacts with acetaldehyde. 

/-O /O NaOH ✓O 

CH3CH=CHC-H + CH3C-H ¥ CH3CH=CHCH=CHC-H + H2O 

heat 

The process can be repeated indefinitely, so that a mixture of colored 
products of high molecular weight will result; these arc the aldehyde 
resins. 

Since the aldol condensation involves the hydrogen atom of the 
a-carbon atom, the homologs of acetaldehyde give branched-chain aldols. 
Propionaldehyde yields 2-methyl-3-hydroxypentanal. 

/ /O ^0 NaOH ^0 

CH3CH2C-H + CH3CH2C-H T — CH3CH2CHCHC-H 

2-Methyl-3-hydroxypentanal 

OH ^ ^ 

CH3CH2CHCHC-H y CH3CH2CH=CC-H + H2O 

CH3 CH3 

2-Methyl-2-pentenal 

A remarkable feature of the aldol condensation is that it is reversible. 

The Cannizzaro reaction. Aldehydes which have no hydrogen atom 
on the a-carbon atom obviously cannot give the aldol condensation. 
They do react in the presence of alkali, however. In such cases an 
oxidation-reduction reaction occurs. Benzaldehyde, for example, is 
converted to benzyl alcohol and sodium benzoate. 



Benzyl alcohol Sodium benzoate 
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The net result of the Cannizzaro reaction is that one molecule of the 
aldehyde is reduced to the primary alcohol and the other is oxidized to 
the acid (produced as the sodium salt). This reaction is characteristic 
of aromatic aldehydes since these cannot have a hydrogen atom on the 
a-carbon atom. Certain aliphatic aldehydes also give the same reaction, 

,0 

notably formaldehyde, H-C-H. 

✓0 /O NaOH /O 

HC-H + HC-H > CH3OH + HC-ONa 

Methyl Sodium 

alcohol formate 


7. Polymerization. Although formaldehyde readily changes to a solid 
polymer (p. 66), its homologs yield high pol 3 m[iers only under the in- 
fluence of peroxidic catalysts and high pressures. However, they do 
form trimers readily; when acetaldehyde is treated with a trace of acid 
it changes to paraldehyde. 


CHaCH 


HC-CH 3 

II 

O 


0^ 


CH 

CH 3 


0 

/ \ 

;=± CH 3 CH CHCH 3 

i i 

V 

6H3 

Paraldehyde 


In the pure state paraldehyde is stable, but if it is warmed with a trace 
of mineral acid acetaldehyde is generated. When acetaldehyde is de- 
sired in the laboratory it is made from paraldehyde in this way. 


The Ketones 

The ketones, as was noted earlier (p. 6), contain a carbonyl group 

/O 

attached to two organic residues, E-C-R. Acetone, the simplest mem- 
ber of the series, has been known for nearly three centuries. It derives 
its name from the fact that it can be obtained from acetic acid. The 
other simple ketones are usually named with reference to the radicals 
attached to the carbonyl group. In the Geneva system the ending one 
is employed. The use of both systems is shown in Table XIII. 

Preparatioii of Ketones. Ketones may be obtained from secondary 
alcohols by either oxidation or catalytic dehydrogenation. In in- 
dustry the latter process is used. Acetone, for example, is obtained 
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Name 

Acetone 

(propanone) 

Methyl ethyl ketone 
(butanone) 

Diethyl ketone 
(3-pentanone) 

Methyl n-propyl ketone 
(2-pen tanone) 


TABLE XIII 
Simple Ketones 
Formula 
✓O 

CH,C-CH, 


yO 

CHaCHaOCH, 


yO 

CH,CHaC-CH,CH, 


yO 

CHaC-CHaCHaCH, 


Boiling Point 
66 . 1 ® 

79.6 

101.7 

101.7 


Isopropyl methyl ketone 
(methylbutanone) 


Qydohexanone 


Acetophenone 
(methyl phenyl ketone) 

Benzophenone 
(diphenyl ketone) 


✓0 

CH,CCH-CH, 

in. 

CH, 

<jH, 

93 

<!:h, (!:h, 

CH| 

156 7 


202.3 

<z>-Az> 

306.0 


from isopropyl alcohol. Since isopropyl alcohol is prepared from pro- 
pylene, acetone may be regarded as a petroleum product. 

300® 

CH3CHCH3 CH3COCH3 + H2 

(!)h 

Isopropyl alcohol Acetone 

This is not the only commercial source of acetone. As mentioned earlier 
(p. 49 ) it is obtained along with n-butyl alcohol in the Weizmann 
fermentation. 

Methyl ethyl ketone is prepared by the dehydrogenation of sec-butyl 
alcohol. 


CH3CHCH2CH3 -~ 

I Cu 


CH3COCH2CH3 -t-H2 
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Acetone is produced in large quantities for use as a solvent in nitro- 
cellulose processing and as a raw material in the preparation of drugs, 
such as iodoform (p. 9) and sulfonal (p. 78), and synthetic plastics 
(p. 146). Similar uses of methyl ethyl ketone are appearing. 

Ketones are prepared in the laboratory by a number of different 
methods. These are discussed in Chapter XXI. 

Reactions of Ketones. Since both aldehydes and ketones contain the 
carbonyl group they have many chemical properties in common. There 
are, however, a number of differences between the two classes. Ketones 
are most sharply differentiated from aldehydes in their resistance to 
oxidation. Reagents such as Tollens’, Benedict’s, or Fehling’s solution 
have no effect on simple ketones, 

1. Reduction, Reduction under mild conditions converts ketones to 
secondary alcohols. This is the reverse of the reaction by which ketones 
are prepared from alcohols. Catalytic hydrogenation or chemical reduc- 
tion may be employed. In the presence of nickel, for example, hydrogen 
combines with acetone to yield isopropyl alcohol. 

CHsC^ Hs + H2 ^ CH3CHCH3 

6h 


2. Addition Reactions of Methyl Ketones and Cyclic Ketones. The re- 
activity of ketones appears to be conditioned by the size of the organic 
residues attached to the carbonyl group. Aliphatic ketones containing 

the grouping -C-CH3 are sufficiently reactive to undergo addition of 
sodium bisulfite or hydrogen cyanide. Acetone readily forms a cyano- 
hydrin when treated with hydrogen cyanide. 

^0 

CH3CKIH3 + HCN ► CH3O-CN 

6h3 

Acetone cyanohydrin 


Cyclic ketones have about the same reactivity as methyl ketones. Cy- 
clopentauone may be converted to a bisulfite addition compound. 


CH 2 

CH 2 ^C=0 
I I + HSOsNa 
CH 2 — CH 2 
Cyclopentanone 


CH 2 

/ \. 


OH 


CH 2 

iH2 


C-SOsNa 

-il 


M2 
Bisulfite addition 
product of cyclopentanone 
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Ammonia and alcohols do not form addition products even with methyl 
ketones. Mercaptans, however, react readily. 

3 . Formation of Mercaptoles. Aliphatic ketones react with mercaptans 
to give mercaptoles. Certain of these are intermediates in the prepara 
tion of drugs. Sulfonal is obtained from acetone as follows. 


CHa 

>C =0 + 2CH3CH2SH 
CHs 


CH3 SCH2CH3 
V + 4 ( 0 ) 

CHa^SCHaCHa 


CHa SCH2CH3 
V + H2O 

CHa^'SCHaCHa 
O 


CHa S-CH2CH3 

\y6 


/ 

CHa 


\9 


S-CH2CH3 

i 

0 


Sulfonal 


By the same reactions Trional is prepared from methyl ethyl ketone 
and Tetronal from diethyl ketone. 


0 

CHa ^HaCHa 

/ \9 

CH3CH2 S-CH2CH3 

6 

Trional 


0 


CH3CH2 


/ \? 


CH2CH3 


CH3CH2 S-CH2CH3 

6 

Tetronal 


4 . Reaction with the Grignard Reagent. Addition of the Grignard re- 
agent to the carbonyl group of a ketone leads to the formation of a 
tertiary alcohol derivative. This is a general method for the prepara- 
tion of tertiary alcohols. The synthesis of triethylcarbinol from diethyl 
ketone and ethylmagnesium bromide is an example. 


O OMgBr 

CH3CH26CH2CH3 + CHaCHaMgBr ¥ CH3CH2C-CH2CH3 

6H2CH3 

OMgBr 

CH3CH26-CH2CH3 + HCl — y (CH3CH2)3C0H + MgBrCl 

6H2CH3 Triethylcarbinol 
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When this synthesis is adapted for the preparation of tertiary alcohols 
OH 

I 

of the type R-C-R", in which the groups attached to the carbinol 
R' 

carbon atom are different, three variations are possible. Any one of 
the R groups may be fxumshed by the Grignard reagent, the other two 
being derived from the ketone. The three possibilities are illustrated 
in the preparation of 2-phenyl-2-butanol. 




+ CHaCHzMgBr 


Acetophenone 
.0 


\ 


/V^CH2CH3 

|| I + CHsMgBr 

Propiophenone 


o 


CHsC^CHzCHa + ^MgBr 

Methyl ethyl ketone 

OMgBr 

+ HCl > + MgBrCl 

CHs (ilHs 

2-Phenyl-2-butanol 




OMgBr 

(>CH2CH3 

CH 3 


OH 


The choice of the pair of reagents to be used is usually made on the basis 
of their availability. Since propiophenone is the most expensive reagent 
in the above scheme, either the first or third pair would be selected. 

5. Formaiion of Oximes, Phenylhydrazones, and Semicarbazones. Ke- 
tones react with hydroxylamine, phenylhydrazine, and semicarbazide 
in the same manner as do the aldehydes (p. 72). Using acetone, diethyl 
ketone, and acetophenone as examples we may represent the type reac- 
tions as follows: 

CH 3 CHs 

>C=0 + H2N0H — > X!=N0H-fH20 
CHs CHs 

Acetone Acetone oxime 
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CH3CH2 yO 

}C=0 + H2NNHC-NH2 
CH3CH2 
Diethyl ketone 


J>C=0 + H2NNH^ 

^CH3 


CH3CH2 yO 

>C=NNHC-NH2 + H2O 
CH3CH2 

Semicarbazone of 
diethyl ketone 


♦ ^ ^C=NNH<^ + H2O 
CHs 

Phenylhydrazone of acetophenone 


6. Reactions in the Presence of Alkali. The simple ketones undergo 
condensations • of the aldol type in the presence of alkali. Diacetone 
alcohol is obtained from acetone. 

CH3 ^0 Ba(OH)2 CH3/OH ^0 

>C =0 + CH3C-CH3 , ^ X>CH 2 C-CH 3 

CHs CH3 

Diacetone alcohol 


The equilibrium point is far to the left, so that a special method must 
be used to obtain a good 3deld of diacetone alcohol. The reaction is 
run in an extractor, so arranged that the ketone is boiled under reflux 
and the condensed acetone comes in contact with barium hydroxide as 
it returns to the boiler. The catalyst causes a small portion of the 
acetone to change to diacetone alcohol. The liquid which reaches the 
boiler thus contains a small amount of the addition product and since no 
alkali is present in the boiler the diacetone alcohol accumulating there 
does not revert to acetone. The ketone, diacetone alcohol, contains a 
^-hydroxyl group and an a-hydrogen atom. Under mild conditions 
these are eliminated as water, yielding mesityl oxide. 

OH Q 

CH3 (!m:)H 2(>CH8 CHsOCHC^CHs + H3O 

6h3 6h3 

Mesityl oxide 

The dehydration can be accomplished by heating diacetone alcohol with 
iodine or a trace of acid. 

Mesityl oxide is also formed from acetone in the presence of strong 
acid; it reacts with another molecule of acetone to produce phorone. 
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CH3 Hn 

>C =0 + CH3COCH3 
CH3 


ch36-ch2C<:h3 


6h3 


Hd 


H2O + CH3C=CH<>CH3 CH3CCH6CH26-CH3 

I HCl I I 

CHs CH3 CH3 


O OH 


HCl 


o 


CH3C=Ch6cH=CCH3 + H2O 
6h3 6h3 


13 

Phorone 


7. The Haloform Reaction. One of the characteristic properties of 
the a-hydrogen atoms in ketones and aldehydes is the ease of replace- 
ment by halogen. Even the salts of hypohalous acids bring about 
halogenation of aldehydes and ketones which have such hydrogen atoms. 
The reaction is of particular interest in connection with acetaldehyde 
and methyl ketones because, in the presence of alkalies, cleavage of the 
carbon-carbon bond occurs. The products from acetaldehyde and 
sodium hypochlorite are chloroform and sodium formate. 

^0 ^0 
CH 3 C-H + 3NaOCl ► CHCI 3 + HC~ONa + 2NaOH 

Chloroform Sodium 
formate 

Bromoform and iodoform are obtained by employing sodium hypo- 
bromite and sodium hypoiodite, respectively. When the reaction is 
used as a test, sodium hypoiodite is employed because the yellow crystals 
of iodoform can be recognized easily. 

The higher aldehydes contain no more than two a-hydrogen atoms 
and so cannot yield haloforms upon treatment with hypohalites. Since 
formaldehyde contains no a-carbon atom, acetaldehyde is the only alde- 
hyde which gives the haloform reaction. 

Among the ketones only those having the group -O-CH 3 can give 
haloforms. Thus acetone, methyl ethyl ketone, acetophenone, and other 
methyl ketones give a positive iodoform test. 

✓0 /O 

CHsCM^Hs + 3NaOI y CHsC-ONa + CHI 3 4- 2NaOH 

Sodium acetate Iodoform 

As oxidmng agents the hypohalites are capable of attacking primary 
and secondary alcohols. 'When ethyl alcohol is treated with sodium 
hypoiodite it is converted to acetaldehyde and the latter then yields 
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iodoform. Since acetaldehyde is the only aldehyde which gives a posi- 
tive iodoform test, ethyl alcohol is the only primary alcohol which 
responds to the test. 

/O 

CH3CH2OH + NaOI > CHsC-H + H2O -f Nal 

CH 3 C-H + 3NaOI > CHI 3 + HCM3Na + 2 NaOH 

Of the secondary alcohols only those which are methylcarbinols, i.e., 
which contain the group -CHCH3, can be oxidized to methyl ketones. 

OH 

Hence only these can give a positive iodoform test. An example is 
2-pentanol. 

^O 

CH3CH2CH2CHCH3 + NaOI > CH3CH2CH2C-CH3 + H2O + Nal 

OH 

2-Pentanol 2-Pentanone 

^0 

CH3CH2CH2C-CH3 + 3 NaOI 

► Cn3CH2CH2C-ONa + 2NaOH + CHI3 

Sodium butyrate 

Thioaldehydes and Thioketones 

The sulfur analogs of the aldehydes are unknown. Attempts to pre- 
pare them lead to trimers, similar to paraldehyde (p. 407). The simple 
ketones also yield trimers when treated with hydrogen sulfide and 
hydrogen chloride. Monomeric thioketones have been isolated in rare 
instances (p. 407). 



Benzophenone Thiobenzophenone 


PROBLEMS 

1 . Write equations for the reaction of n-valeraldehyde with: (a) ammoniacal 
silver hydroxide, (b) hydrogen in the presence of platinum, (c) an alkali, (d) hy- 
drogen cyanide, (e) sodium bisulfite, (/) sodium bisulfite followed by sodium 
C3ranide, (g) methyl alcohol, Qi) methyl alcohol in the presence of mineral acid, 
(i) w-butylmagnesium bromide, (j) hydroxylamine, (k) semicarbazide, (Z) phenyl- 
hydrazine. 
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2. Which of the reagents listed above will react with acetone? with diethyl 
ketone? with cyclohexanone? 

3. Write equations for the conversion of ri-butyl alcohol to: (a) n-amyl alcohol, 
(6) 2-hexanol, (c) di-n-butylcarbinol, (d) 2-phenyl-2-hexanol, (e) 3-methyl-3- 
heptanol. 

4. What deductions can be drawn concerning the structure of: (a) a substance 
which reacts with phenylhydrazine and with Benedict's solution? (6) a substance 
which reacts with phenylhydrazine but not with Benedict's solution? (c) a sub- 
stance which does not react with phenylhydrazine but does give a yellow solid 
when treated with an alkaline solution of iodine? 


SUGGESTED READINGS 

Walker, **Early History of Acetaldehyde and Formaldehyde,” J> Chem. Education 
10, 546 (1933). 

Walker, “Formaldehyde and Its Polymers,” Ind. Eng. Chem.t 23, 1220 (1931). 
Cooley, “Acetone,” Ind. Eng. Chem.^ 29, 1399 (1937). 
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CARBOXYLIC ACIDS 

^0 

The carboxyl group, -C~OH, is capable of dissociating to give hydro- 
gen ions. Hence the compounds containing this group are acids. Those 
in which the carboxyl group is attached to a paraflSn residue are some- 
times called fatty acids, since certain of them can be obtained from the 
natural fats. The names and formulas of some of the straight-chain 
saturated acids are given in Table XIV. Of those containing more than 
six carbon atoms, only the ones with even numbers of carbon atoms are 
common. From the systematic names given it is evident that the 
ending oic is attached to the hydrocarbon stem in naming acids. 

TABLE XIV 

Saturated Straight-Chain Acids 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Formic acid 

A) 

HC-OH 

8.4° 

100.7° 

(methanoic acid) 

A) 

CH,C-OH 



Acetic acid 

16.6 i 

118.1 

(ethanoic acid) 

✓o 

CH,CH2C-0H 



Propionic acid 

-22 

141.1 

(propanoic acid) 

/O 

CH 8 CH 2 CH 2 C-OH 



But 3 n:ic acid 

-7.9 

163.5 

(butanoic acid) 

CH8CH2CH2CH2C~0H 



Valeric acid 

-34.5 

187 

(pentanoic acid) 

✓0 

CH 8 CH 2 CH 2 CH 2 CH 2 C-OH 



Caproic acid 

-2 

205 

(hexanoic acid) 

✓0 

CH 8 CH 2 CH 2 CH 2 CH 2 CH 2 CH 2 C-OH 



Caprylic acid 

16 

237.6 

(octanoic acid) 

✓0 

CH8(CH2)8C~0H 



Capric acid 

31.6 

270 

(decanoic acid) 
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8fc 


TABLE XlY’-^Continued 
Satubated Straight-Chain Acids 



/O 



Laurie acid 
(dodecanoic acid) 

CH,(CH8)xoC-OH 

44 


Myristic acid 

(tetradecanoic acid) 

CH3(CHa)i2C-OH 

/O 

CH8(CH2)uC-OH 

/O 

CH8(CH2)i6C-OH 

58 


Palmitic acid 

(hexadecanoic acid) 

64 


Stearic acid 

(octadecanoic acid) 

1 69.4 

1 


Aromatic acids are named as derivatives of the corresponding hydro- 
carbons, as shown in Table XV. 


Name 

Benzoic acid 

p-Toluic acid 

o-Toluic acid 

/3-Naphthoic acid 


TABLE XV 
Aromatic Acids 
Formula 



Melting Point 
122 * 

179.6 

104 

185 


General Methods of Preparation of Acids 

1. Oxidation of Primary Alcohols and Aldehydes. It has been men- 
tioned earlier (pp. 65, 68) that acids are obtained by the oxidation of 
either primary alcohols or aldehydes. 

2. From Alkyl Halides. An alkyl halide may be converted to an acid 
of one more carbon atom by either the cyanide synthesis (p. 54) or the 
Grignard method (pp. 55, 267). If the alkyl halide is primary the 
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former method is ordinarily used. Thus phenylacetic acid is obtained 
from benzyl chloride. 


^CH2C1 + NaCN ¥ ^CHaCN + NaQ 

Benzyl chloride Benzyl cyanide 



CH2CN + 2H2O + H2SO4 




^CH2CM)H + (NH4)HS04 


Phenylacetic acid 


Tertiary alkyl halides undergo dehydrohalogenation (p. 18) under 
the influence of even very mild alkalies. For this reason the cyanide 
synthesis fails, and the action of an alkali cyanide on a tertiary halide 
yields an olefin. The conversion of t-butyl bromide to isobutylene is an 
example. 

CH 3 CHa 

CHafll-Br + NaCN ¥ CHsC + NaBr + HCN 

I II 

CHa CH2 

<-Butyl bromide Isobutylene 


Tertiary halides do yield Grignard reagents, however, and thus can be 
converted to acids. t-Butyl chloride can be converted to trimethylacetic 
acid by this method (p. 55). The Grignard method can also be em- 
ployed with secondary halides, for which the cyanide method is rarely 
useful. 

Aryl halides are inert to aqueous solutions of alkali cyanides. How- 
ever, they do react with anhydrous cuprous cyanide in the presence of 
an organic base such as pyridine (CsHsN, p. 252). a-Naphthoic add 
may be prepared from a-bromonaphthalene by this method. 


Br CfeN CO2H 



o-Naphthonitrile or-Naphthoic acid 

Aryl bromides and iodides can be converted to Grignard reagents, so 
the Grignard synthesis (p. 267) is useful in the preparation of aromatic 
acids. 

3. Oxidation of Side Chains. . Aromatic acids often are obtained con- 
veniently by the oxidation of compounds containing side chains (p 
40). Thus p-nitrobenzoic add is prepared from p-nitrotoluene. 
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N02<( )>CH 3 + 3[0] N02^^^(>0H + H 2 O 

p-Nitrotoluene p-Nitrobenzoic acid 

The p-nitrotoluene is made by the nitration of toluene (p. 39). 

A number of other methods for the synthesis of acids are available. 
These are discussed in later sections. 


Properties of the Simple Acids 


Formic acid is a colorless liquid with a sharp, pungent odor. It is very 
irritating to the skin; the unpleasant effect of the stings of many insects 
is due to formic acid. As the name implies (formica, ant), the acid was 
first obtained from ants. 

Sodium formate is prepared commercially by heating sodium hydrox- 
ide with carbon monoxide under pressure. Anhydrous formic acid is 
obtained from the dry sodium salt by action of concentrated sulfuric 
acid. 


CO + NaOH 
/O 

HC-ONa + H 2 SO 4 


150-200° 
120 Ib./sq. in. 






^0 

HC-ONa 

/O 

HC-OH + NaHS 04 


Formic acid is employed in the textile, leather, and rubber industries. 
Since it is a relatively weak acid it can be applied safely to products, such 
as those indicated, which are damaged by treatment with mineral acids. 

Formic acid differs from all other organic acids in having a hydrogen 
atom rather than an organic radical attached to the carboxyl group. 
It may be regarded as being at once an aldehyde and an acid. This view 
is in harmony with its action as a reducing agent (p. 392). 

✓0 r ^0 1 

HC-OH + [0] ► LhOC-OHJ — ¥ CO 2 + H 2 O 

Carbonic acid 


When a mixture of formic and sulfuric acids is heated the formic add 
decomposes to water and carbon monoxide. 

HC-OH ► H 2 O + CO 

Acetic acid is the most important of the simple acids. As indicated 
above (p. 23) it is prepared by the oxidation of acetaldehyde. Since 
acetaldehyde may be obtained either from ethyl alcohol or from acety- 
lene, the raw material for the commercial preparation of acetic add 
may be sugar, coke, or petroleum. The add is a liquid boiling at 118.1° 
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It freezes at a point just below room temperature (16.6°); hence the 
name glacial acetic acid is applied to the pure substance. 

Acetic acid is widely used in industrial processes where a weak add 
is desired. It is most valuable as a raw material for the preparation of 
cellulose acetate (p. 201). 

Vinegar is essentially a dilute solution of acetic add. It is obtained 
by the oxidation of dilute ethyl alcohol (fermented apple cider) by the 
oxygen of the air in the presence of “mother of vinegar” (bacterium 
aceti). 

Benzoic acid, the simplest of the aromatic acids, is a white crystalline 
solid. It is prepared commercially by several different methods. In 
one of them, pbthalic acid (p. 134) is used as the raw material. In 
another process toluene is oxidized to benzoic acid and water. An 
interesting commercial preparation involves the chlorination of toluene. 
The chlorine substitutes only in the side chain if the reaction is carried 
out under appropriate conditions (p. 40). The product, benzotrichlo- 
ride, in which the side chain is completely chlorinated, can be hydrolyzed 
to benzoic add. 


+ 3C1, ^ 


f:Acci3 


+ 3HC1 


Benzotrichloride 


V:ci3 



+ 4Ca(OH)2 



Ca + SCaClz + 4 H 2 O 


Calcium benzoate 


^/Sc>o\ 


VV 


I Ca + 2HC1 
/ 2 


'■ScOH 


+ CaCl 2 


Benzoic acid 


Benzoic add, as its sodium salt, is extendvely used as a preservative 
for foods and fruit juices. 

Consideration of the boiling points of the adds reveals that they are 
less volatile than other substances of similar molecular weights. This 
leads to the supposition that the adds are assodated. Indeed, measure- 
ment of the molecular weight of benzoic add dissolved in a hydrocarbon 
solvent shows it to have the dimeric formula (C6H5C02H)2- The forma- 
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tion of a dimer can be explained on the basis of a cyclic structure involv- 
ing hydrogen bonds, as shown below. 

CeHs-C 0 

I I 

O C-CeHs 

Dimer of benzoic acid 

Rings of this t3rpe, formed by a coordination process, are known as 
chelate rings ^ crab’s claw) (p. 210). Other carboxylic acids like- 
wise exist as chelate dimers. 

DERIVATIVES OF THE ACIDS 

A molecule containing the carboxyl group undergoes reactions to 
form several types of compounds. The most important of these are the 
salts, esters, acyl halides, acid anhydrides, and amides. 

Salts 

The carboxylic acids react with alkalies to form salts. Sodium 
acetate is obtained from acetic acid and sodium hydroxide. 

CHsC-OH + NaOH ► CHaOONa + H2O 

Sodium acetate 

Since the carboxylic acids are stronger than carbonic acid, carbonates 
or bicarbonates may be used instead of hydroxides. Thus sodium acetate 
may also be prepared from acetic acid and sodium bicarbonate. 

^0 ^0 
CH3C-OH + NaHCOa ► CHaC-ONa + CO2 + H2O 

Sodium acetate 

The alkali salts of organic acids resemble inorganic salts in many ways. 
They are soluble in water and insoluble in organic solvents such as ether 
and carbon tetrachloride. They are ionic substances, as is shown by 
the electrical conductivity of their solutions in water. Since they are 
salts of strong bases with relatively weak acids, their water solutions 
are slightly alkaline. 

The organip acids can be recovered from their salts by treatment of 
the latter with mineral acids. The conversion of calcium benzoate to 
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benzoic acid by treatment with hydrochloric acid, mentioned above, is 
an example. 

When the sodium salt of an acid is heated with sodium hydroxide it 
decomposes to a hydrocarbon and sodium carbonate. Methane is ob- 
tained from sodium acetate. 

/O 300® 

CHaC-ONa + NaOH y CH 4 + NaaCOa 

Since this reaction involves the removal of the carboxyl group from an 
acid derivative, it may be considered as an indirect decarboxylation of 

the acid (RCO 2 H ¥ RH). It is sometimes employed as a method for 

the preparation of hydrocarbons. 


Esters 


The reaction of alcohols with oxygen acids to give esters has been 
mentioned earlier (p. 51). The most important esters are derived from 
the carboxylic acids. They are often made by the direct esterification 
of the acid by treatment with the alcohol in the presence of a trace of 
mineral acid. The latter acts as a catalyst. The reaction of esterifica- 
tion is reversible, so in order to obtain good yields it is desirable to use 
an excess of one of the reactants. The preparation of methyl benzoate 
from methyl alcohol and benzoic acid illustrates the reaction. 


0 


P-OH. 


0 


+ CH3OH 


H+. j0C^CH3 
Methyl benzoate 


+ H20 


If a mercaptan is allowed to react with an acid a thio ester is obtained. 
The reaction is of particular interest because it proceeds by elimination 
of water rather than of hydrogen sulfide. 

/O H+ /O 

RC-OH + R'SH R-C-SR' + H 2 O 

This suggests that esterification involves the loss of the hydrogen atom 
of the alcohol and the hydroxyl group of the acid. On the basis of the 
alternate scheme of elimination of the hydrogen atom of the acid and 
the hydroxyl group of the alcohol, the reaction of the mercaptans would 
be expected to produce normal esters and hydrogen sulfide. 

An ester is named with reference to the alcohol and acid from which 
it is derived. A niunber of examples are given in Table XVI, which 
also shows the boiling points of some of the common esters. A com* 
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parison of the boiling points of the lower esters with those of the acids 
and alcohols is interesting. For example, methyl formate (HCO 2 CH 3 , 
b.p. 31.5°) is more volatile than either the acid (HCO 2 H, b.p. 100.7°) 
or the alcohol (CH3OH, b.p. 65°) from which it is derived, although 
the ester has a higher molecular weight than either of its progenitors. 

TABLE XVI 


SouE Simple Estebs 


Name 

Formula 

/O 

HC-OCH 3 

Boiling Point 

Methyl formate 

31.6*^ 

Ethyl formate 

IIC-OCH 2 CH 3 

64.3 

Methyl acetate 

/O 

CH3CK)CH3 

57.1 

Ethyl acetate 

A> 

CHsC-OCHsCHs 

77.1 

Isopropyl acetate 

/O 

CH 3 C-OCHCH 3 

6h3 

89 

n-Butyl acetate 

/O 

CH 3 C-OCII 2 CH 2 CH 2 CH 3 

126.5 

n-Amyl acetate 

A) 

CH 3 C-OCH 2 CH 2 CH 2 CH 2 CHI 

148 

Methyl propionate 

CH 8 CH 2 C-OCHS 

79.9 

n-Propyl propionate 

A> 

CH,CH20-0Cn8CH2CH3 

123.3 

Ethyl butyrate 

A> 

CH 3 CH 2 CH 2 C-OCH 2 CH 8 

121.3 

Eth^l isobutyrate 

/O 

CHjCHC-OCH2CHs 

6h3 

111.7 

Ethyl benzoate 

<^^^C^0CH2CH, 

212.6 

Methyl o-toluate 

CHs « 

<( )>OOCH, 

213 

Ethyl p-nitrobenzoate 

No»<( )>c&;h2CH3 

(m.p. 67®) 



92 


CARBOXYLIC ACIDS 


The ester has no active hydrogen atom capable of forming a hydrogen 
bond and thus, unlike the acid (p. 88) and alcohol (p. 43) it is a 
^‘normar^ or unassociated liquid. 

Hydrolysis and Saponification of Esters. As indicated by the reversi- 
bility of the esterification reaction, an ester may be hydrolyzed to regen- 
erate the alcohol and acid. Usually it is more convenient to carry out 
the hydrolysis in the presence of alkali, so that the organic acid is neu- 
tralized as rapidly as it is formed. Since the acid so removed is one of the 
components of the equilibrium mixture (acid, alcohol, ester, and water), 
the reaction becomes irreversible and quantitative. Another advantage 
is that the reaction can be carried out in an alcohol solution containing 
only a little water. Many esters are nearly insoluble in water and hence 
are hydrolyzed by water and a trace of acid only very slowly. Addition 
of an alcohol as a solvent would, of course, repress hydrolysis or bring 
about the formation of a new ester, if the solvent alcohol were different 
from that involved in the ester. If alkali is added to the alcohol solu- 
tion the acid is removed, as the sodium salt, as rapidly as it is formed 
and the ester is hydrolyzed quantitatively. ;ilkaline hydrolysis of 
esters is known as saponification. Tho term arose from the fact that 
soaps are made by the alkaline hydrolysis of certain esters (p. 107). 
The saponification of ethyl butyrate illustrates the reaction. 

CH3CH2CH2C-OCH2CH3 + NaOH 

Ethyl butyrate ^0 

> CH3CH2CH2C-ONa + CH3CH2OH 

Sodium butyrate 

Transesterification (Ester Interchange). Under appropriate condi- 
tions an ester of one alcohol reacts with a second alcohol to form a new 
ester. The alcohol concerned in the original ester is liberated. Because 
the process is reversible it is necessary to employ a large excess of the 
reacting alcohol to obtain good yields. The reaction of ethylene glycol 
diacetate with ethyl alcohol is an example. 

/O 

CHaOOCHs HCl CH2OH ^0 

^0 1 + 2 CH 3 CH 2 OH =± I + 2 CH 3 OOCH 2 CH 3 

CH3CM)CH2 CH 2 OH 

Ethylene glycol Ethyl alcohol Ethylene glycol Ethyl acetate 
oiacetate 

As indicated in the equation, a trace of mineral acid may be used as a 
catalyst. Strangely enough, an alkaline catalyst also may be used; 
sodium methoxide (NaOCHa) is often employed. The reaction is most 
useful in connection with the natural fats (p. 109). 
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Ammonolysis of Esters. The reactions of esters described above may 
be considered as examples of hydrolysis and alcoholysis, respectively. 
The reaction of an ester with ammonia follows a similar course and may 
be referred to as an ammonolysis. The products are an amide and an 
alcohol. Ethyl benzoate and ammonia yield benzamide and ethyl 
alcohol. 

^C-0CH2CH3 + NH3 ^ ^C-NHz + CH3CH2OH 

Ethyl benzoate Benzamide Ethyl alcohol 

Hydrogenation of Esters. The carbonyl group of the ester linkage is 
capable of undergoing catalytic reduction under vigorous conditions. 
It is possible that the first step is addition of hydrogen to the carbon- 
oxygen double bond, yielding a hemiacetal; the latter dissociates to the 
alcohol and the aldehyde, and the aldehyde is further reduced to a 
primary alcohol. These steps may be represented as follows: 


RC-OR' - 1 - H2 
OH 

R-C-OR' 

I 

H 

A) 

RC-H + H2 


catalyst 


■> 


catalyst 


OH 

R-C-OR' 

I 

H 

R'OH 4 - RC-H 

RCH2OH 


The sura of these reactions may bo represented by the following equa- 
tion: 

catalyst 

RC-OR' + 2H2 ^ RCH2OH -I- R'OH 


The hydrogenation of glyceryl caproate is an example of this reaction. 
The catalyst ordinarily used is copper chromite. The reaction is carried 
out at temperatures above 200° and at pressures in the neighborhood 
of 3000 lb. per square inch. 


/O 

CH2OC-CH2CH2CH2CH2CH3 

I A> 

CHOC-CH2CH2CH2CH2CH3 + 6H2 

I /O 

CH2OC-CH2CH2CH2CH2CH3 

Glyceryl caproate 


CH2OH 

catalyst 

^ CHOH 

CH2OH 

Glycerol 


■f 3CH3CH2CH2CH2CH2CH2OH 

n-Hexyl alcohol 
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The reduction also can be effected by means of metallic sodium and 
alcohol For example, lauryl alcohol was formerly prepared by this 
method. 

/O 

CH3(CH2)ioC~OCH2CH3 + 4(H) 

Ethyl laurate (Na + C2H6OH) 

> CH 3 (CH 2 )ioCH 20 H + CH 3 CH 2 OH 

Lauryl alcohol 


Reaction of Esters with the Grignard Reagent. Synthesis of Tertiary 
Alcohols. The addition products formed from esters and Grignard 
reagents are unstable. They combine with more of the Grignard reagent, 
either directly or after decomposing to ketones, to produce derivatives 
of tertiary alcohols. The various steps in the synthesis of tertiary 
alcohols by this method may be represented as follows: 


/O 

RC-OR' + R"MgX 


xO 

R-C-R" + R"MgX 


OMgX 

R- 6 -R" + H2O 

il" 


- OMgX- 
RC-OR' 

. R" . 

OMgX 

R-O-R" 

I . 


^0 

RC-R" + R'OMgX 


OH 

R- 6 -R" + Mg(OH)X 
R" 


Tertiary alcohols in which the three groups attached to the carbinol 
carbon atom are alike can be prepared by proper selection of the re- 
agents. For example, triphenylcarbinol is obtained from ethyl benzoate 
and phenylmagnesium bromide. 



— ¥ )>)^COMgBr + Mg(OC2H6)Bi 

(^"'^)^COMgBr + H2O — > + Mg(OH)Br 

Triphenylcarbinol 
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The Acyl Halides 

When acids are brought into contact with certain halides and oxy- 
halides of phosphorus and sulfur, the hydroxyl group of the acid is 
replaced by a halogen atom. The acyl bromides and iodides are of 
little importance but the chlorides are used extensively. The names, 
formulas, and boiling points of a few acyl chlorides are given in Table 
XVII. 

TABLE XVII 
Acyl Chlorides 


Name 

Formula 

Boiling Point 

Acetyl cliloride 

/O 

CH 3 C-C 1 

52° 

Propionyl chloride 

/O 

CH 3 CH 2 C-C 1 

80 

Butyryl chloride 

^0 

CH 3 CH 2 CH 2 C-C 1 

102 

Isobutyryl chloride 

,0 

CH 3 CHC-CI 

92 


6 h 3 


Valeryl chloride 

CH3CH2CH2CH2C41 

128 

Benzoyl chloride 

^^C-Cl 

197 

p-Bromobenzoyl chloride 

/ — \ ^0 

Br< >C-C1 

247 

(m.p. 42°) 


The reagents most often employed for the preparation of acyl chlo- 
rides are phosphorus trichloride (PCI3), phosphorus pentachloride 
(PCI5), and thionyl chloride (SOCI2). Equations showing the products 
obtained from each of these reagents are given below. 

/O ^0 

SCHaC-OH + PCI 3 ► 3 CH 3 G-CI + H 3 PO 3 

Acetyl chloride 

N02^^^C>0H + PClfi — ► N02<^"^^C^1 + POQa + HCI 

p-Nitrobenzoyl chloride 

✓o 

CH3CH2CH2C-OH + SOCI2 > CH8CH2CH2C-C:1 + SO2 + HCl 

Butyryl chloride 
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Whenever it can be used, thionyl chloride is a superior reagent for the 
preparation of acyl chlorides because the by-products are gases. If the 
chloride being prepared boils somewhat higher than thionyl chloride 
(b.p. 78.8®), it can often be obtained sufficiently pure simply by treating 
the acid with a slight excess of thionyl chloride and heating the reaction 
mixture on the steam bath to remove the excess reagent. 

The chloride of formic acid is unknown. All attempts to prepare it 
have led to the formation of carbon monoxide and hydrogen chloride. 

✓0 r 1 

HC-OH > LHC-CIJ ¥ HCl + CO 


There is evidence that the decomposition of formyl chloride is reversible, 
since with certain reagents a mixture of hydrogen chloride and carbon 
monoxide gives products which may be considered as derivatives of 
formic acid (p. 289). The instability of formyl chloride recalls the de- 
composition of formic acid in the presence of dehydrating agents (p. 
87). 

Reactions of Acyl Chlorides. The acyl chlorides react with many 
compounds containing the groups -OH and -N-H. Thus they react 

I 

with water, alcohols, and ammonia, to give acids, esters, and amides, 
respectively. In each case hydrogen chloride is formed simultaneously; 
if ammonia is one of the reactants the hydrogen cliloride is converted 
to ammonium chloride. The reactions are illustrated with acetyl chlo- 
ride. 

^0 ^0 
CH3OCI + HOH ¥ CH3C-OH + HCl 

Acetyl chloride Acetic acid 


^0 

CH3C-CI + CH3CH2OH — ► CH3C-OCH2CH8 + HCl 

Ethyl acetate 

,0 

CH3C-C1 + 2NH3 — ► CH3C-NH2 + NH4C1 

Acetamide 


All these reactions take place very rapidly and with the evolution of 
heat. The acyl chlorides are thus convenient reagents for the intro- 
duction of acyl groups by reaction with compounds which have hy- 
droxyl or amino groups. 

The Friedel-Crafts Synthesis of Ketones. Acyl chlorides react with 
aromatic hydrocarbons in the presence of aluminum chloride to give 
ketones. For example, propiophenone is obtained from propionyl chlo* 
.ride, benzene, and aluminum chloride. 
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y + CH 3 CH 2 (>C 1 H 2 CH 3 + HCl 

Propionyl chloride Propiophenone 

In the preparation of ketones by this method the catalyst, aluminum 
chloride, must be present in an amount equivalent to the quantity of 
acyl chloride used, because the ketone and the aluminum chloride form 
a coordination compound. It is believed to have the following structure, 

R 

>C=0-A1C13 

R' 

Coordination compound from a ketone 
and aluminum chloride 

When the reaction mixture is treated with water the coordination com- 
plex is destroyed and the ketone is obtained. 

Reaction of Acyl Chlorides with Acids. When an acyl chloride is 
mixed with a carboxylic acid, an equilibrium of the following type is 
established. 

/-O /O 

RC~C1 + R'OOH RC-OH + R'OCl 

The reaction is the basis of an excellent method for the preparation of 
certain acyl chlorides. For example, one of the most convenient labora- 
tory preparations of acetyl chloride utilizes benzoyl chloride and acetic 
acid as the starting materials. 

<C ^C-Cl + CHsC^OH ;p± ^OOH + CH 3 OCI 

Benzoyl chloride Acetic acid Benzoic acid Acetyl chloride 

(b.p. 197”) (b.p. 118.1°) (b.p. 249”) (b.p. 62”) 

Since acetyl chloride is the lowest-boiling component of the equilibrium 
mixture it can be removed by heating the reaction mixture under a 
fractionating column. Removal of the product in this way forces the 
reaction to the right, with the result that the yield is very satisfactory. 

The Acid Anhydrides 

Acid anhydrides have the general formula RC-0-O-R^ In the most 
common anhydrides the groups R and R' are identical. These are 
known as simple anhydrides, in contrast to the mixed anhydrides in 
which the groups are different. The simple anhydrides are named with 
reference to the corresponding acids, as may be seen by examination of 
Table XVIII. 
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TABLE XVIII 
Simple Acid Anhydrides 


Name 

Formula 

Boiling Point 

Acetic anhydride 

CHaC-KD-OCHa 

0 

0 

Propionic anhydride 

/O ^0 

CH3CH2C~0-OCH2CH3 

169.3 

Butyric anhydride 

^0 /O 

CH 3 CH 2 CH 2 C- 0 -CCH 2 CH 2 CH 3 

198 

Isobutyric anhydride 

CH 3 CHC-D-CCHCH 3 

6h3 6hs 

182.5 

Valeric anhydride 

^0 ^0 

CH3CH2CH2CH2C-0-CCH2CH2CH2CH3 

215 

Benzoic anhydride 

<^0^8-0^ 

360 

(m.p. 42°) 


Acid anhydrides are sometimes prepared in the laboratory by the 
interaction of an acyl chloride and a salt. For example, acetic anhy- 
dride may be obtained from acetyl chloride and sodium acetate. 

^0 ^0 ^0 
CH3C-CI + CHyC-ONa > CH3C-O-C-CH3 + NaCl 

Acetyl chloride Sodium acetate Acetic anhydride 

If the chloride and the salt employed are derived from different acids, 
a mixed anhydride is obtained. 

Anhydrides are also obtained by a process of interchange similar to 
that sometimes employed in the preparation of acyl chlorides (p. 97). 
One acid is treated with the anhydride of a second acid, yielding a mix- 
ture containing both acids, both simple anhydrides, and the mixed 
anhydride. The reaction is illustrated by the products obtained when 
acetic anhydride and benzoic acid are heated with a trace of phosphoric 
acid. 

^0 

O /0 CH 3 C y-=rv ^0 /O /O 

c~OH + X> <C >c-o~c~ch3 + CH 3 OOH 


Benzoic acid 


Acetic 

anhydride 


Mixed anhydride Acetic acid 
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Benzoic anhydride 


By heating the mixture under a fractionating column the acetic acid 
can be removed, thereby driving the reaction to the right. 

The most important anhydride in industrial chemistry is acetic anhy^ 
dridc. It is obtained commercially from acetylene by an interesting 
sequence of reactions. Part of the acetylene is converted to acetic acid 
by hydration and oxidation (p. 23 ). Acetic acid and acetylene are 
then combined, in the presence of mercuric sulfate, to form ethylidene 
acetate. When the latter is heated it decomposes to acetic anhydride 
and acetaldehyde. 

HeSOi /O 

HfeCH + 2CII3C-OH CH3CH(0C-CH3)2 

Acetylene Acetic acid Ethylidene acetate 

•/O heat 

CH3Cii(oc-cn3)2 > CH3C-H + CH3C-0-C-CH3 

Acetaldehyde Acetic anhydride 

The acetaldehyde is converted to acetic acid, which is used in the first 
step of the process. 

An older industrial process utilizes the reaction between acetic acid 
or its salts and sulfur chloride. 


/O ^0 ^0 

dCHaOONa + 2S2CI2 — ► 2CH3C-O-C-CH3 + 4 NaCl + SO2 + 3 S 

Reactions of Acid Anhydrides. The acid anhydrides closely resemble 
the acyl chlorides in their chemical behavior. Thus, they react with 
water, alcohol, and ammonia to give acids, esters, and amides, respec- 
tively. The equations for the reactions of acetic anhydride with these 
substances are given below. 

CH3C ✓O 

>0 + H2O — \ 2CH3CK)H 

CHaC^O 

Acetic anhydride Acetic add 
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CHaC 


,0 


CH3C 


>0 + CH3CH2OH 


X) 


CH3C 


.0 


CH3C 


>0 + 2NH3 


/O /O 

CH 3 CM)CH 2 CH 3 + CHsO-OH 

Ethyl acetate Acetic acid 

/O ,0 

CH3C-NH2 + CH3O0NH4 

Acetamide Ammonium acetate 


It is to be noted that these reactions are exactly parallel to those of 
acetyl chloride with the same reagents. The acyl chlorides may, in 
fact, be considered as mixed anhydrides derived from carboxylic acids 
and hydrochloric acid. 

Acid anhydrides also react with aromatic hydrocarbons under the 
conditions of the Friedel-Crafts reaction. Thus, acetophenone is made 
from acetic anhydride, benzene, and aluminum chloride. 


/O 

CH3C 

^ + + 2AICI3 


CH3Q 


X) 


>C-CH 3 + CH3C-OAICI2 + HCI 


Acetophenone 


The reaction of an anhydride requires twice as much aluminum chloride 
as does that of an acyl chloride. One molecule forms a coordination 
compound with the ketone (p. 97 ) and another reacts with the organic 
acid to form a mixed salt. 

It is of interest to note that formic anhydride, like formyl chloride, 
is unstable and has not been prepared. A mixed anhydride derived 
from acetic and formic acids can be obtained from acetic anhydride and 
formic acid. 


/O 

CHsC ^0 

>0 + HOOH 

CH3C_ 


.^0 

CH3C-0-C-H + CH3C-0H 


The mixed anhydride reacts with compounds containing active hydrogen 
atoms to introduce the formyl group. Thus it yields fonuamide when 
treated witii ammonia. 
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✓0 ,0 ,0 /y 

HO-O-C-CHj + 2NH3 — y HC-NH2 + CH3C-ONH4 

Formamide Ammonium acetate 

The mixed anhydride is unstable at its boiling point at ordinary pres- 
sure, but for most purposes it is unnecessary to isolate it. One simply 
uses a mixture of acetic anhydride and formic acid. 

The Amides 

The amides (RC-NH2) may be regarded as acyl derivatives of am- 

✓O 

monia. From the consideration that the acyl derivatives (RC-OH) of 
the neutral substance, water, are acids it would be predicted that the 
amides are more acid (less basic) than ammonia. It happens that the 
acidifying influence of the acyl groups just neutralizes the basic prop- 
erties of ammonia, for the amides are neutral substances. 


TABLE XIX 
Aiimss 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Formamide 

✓0 

HC-NH 2 

2.6'* 

195® 

1 

Acetamide 

/O 

CH 3 C-NH 2 

81 

222 

Propionamide 

/O 

CHsCHjC-NH* 

79 

213 

Butyramide 

/O 

CH 3 CH 2 CH 2 C-NH 2 

116 

216 

Valeramide 

/O 

CH 3 CH 2 CH 2 CH 2 C-NH 2 

106 

... 

Benzaznide 

/O 

<( )>C-NH 2 

130 

... 

o-Naphthamide 

/ \ /O 

<^_^-NH 2 

202 

... 


0 




Of the simple amides, all but formamide are solids. The names, 
formulas, melting points, and boiling points, of some of them are given 
in Table XIX. 
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The formation of amides from esters (p. 93), acyl chlorides (p. 96), 
and anhydrides (p. 99) has been mentioned. All these reactions are 
used in the laboratory as preparative methods. Amides are also ob- 
tained by dehydration of ammonium salts and by hydration of ni- 
triles. The relationship between ammonium salts, amides, and nitriles 
is shown by the following equation’ 

/O dehydration /O dehydration 

RC-ONH4 r ' ” ' - ' RC-NH2 — R-C=N 

hydration hydration 

Ammonium Amide Nitrile 

salt 

The dehydration of ammonium salts to amides is often effected by 
heating. For example, acetamide is made conveniently by heating am- 
monium acetate. 

CH3C-ONII4 7I± CH3C-NH2 + H2O 

Ammonium acetate Acetamide 

Naturally Occurring Esters 

Most of the volatile esters have pleasant odors and many of them 
occur in fruits and flowers. Synthetic perfumes and flavors are often 
mixtures of esters. Butyl acetate and isoamyl acetate have the odor of 
bananas. Amyl acetate is reminiscent of pears. Amyl undecanoate 

[CH3(CH2)9C-0CH2(CH2)3CH3] has a roselike odor. 

The most important of the natural esters are those which make up 
the animal and vegetable fats. These will now be considered. 

Fats 

The animal and vegetable fats and oils are glyceryl esters of or- 
ganic acids. Hydrolysis converts them to glycerol and mixtures of 
saturated and unsaturated acids. It is a striking fact that the acids 
obtained are, with very few exceptions, straight-chain acids containing 
even numbers of carbon atoms. The saturated members most frequently 

encountered are lauric acid [CH3(CH2)ioC-OH], myristic add 
^0 /O 

[CH8(CH2)i 2C-OH], palmitic acid [CH3(CH2)i4Cr-OH], and stearic 

add [CH3(CH2 )isG^H]. The most conunon unsaturated adds 
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have the carbon skeleton of stearic acid. Oleic acid (C 17 H 33 CO 2 H) 
has eighteen carbon atoms with one double bond at the central point 

of the chain; linoleic acid (C 17 H 31 C-OH) has eighteen carbons with 

^0 

two double bonds; and linolenic acid (C 17 H 29 C-OH) has eighteen car- 
bons with three double bonds. The ethylenic linkages in linoleic and 
linolenic acids are not conjugated. 


CH3CH2CHsCH2CH2CH2CH2CH2CH=CHCH2CH2CH2CH2CH2CH2CH2C-OH 

Oleic acid 


CH3CH2CH2CH2CH2CH=CHCH2CH:::CHCH2CH2CH2CIl2CH2CH2CH2C-OH 

Linoleic acid 

CH 3 CH 2 CH=CHCH 2 CH-CHCH 2 CH=-CHCH 2 CH 2 CH 2 CH 2 CH 2 CH 2 CH 2 C- 0 H 

Linolenic acid 


Examination of the acids produced by the hydrolysis of a ts^pical solid 
fat, such as beef tallow, reveals that the substance is composed largely 
of the glyceryl esters of the saturated acids, palmitic and stearic acids. 
The glyceryl esters are known as tripalmitin and tristearin, respectively; 
both melt well above room temperature. 


/O 

CH20C-(CH2)i4CH3 

I /O 

CHOC-(CH2)i4CH3 

i 

CH20C-(CH2)i4CH3 


Glyceryl tripalmitate 
(tripalmitin) 
(m,p. 65°) 


/O 

CH20C-(CH2)i6CH3 
I xO 

CHOC-(CH2)i6CH3 

I 

CH20C-(CH2)i6CH3 


Glyceryl tristearate 
(tristearin) 
(m.p. 71“) 


The acid obtained in largest quantity from olive oil is oleic add. The 
chief constituent of this oil must therefore be glyceryl trioleate or tri- 
olein; this substance is a liquid at ordinary temperaturea 

/O 

CH 20 C-(CH 2 ) 7 CH=CH(CH 2 ) 7 CH 3 

I /O 

CH0C-(CH2)7CH=CH(CH2)7CH3 

1 

CH20C-(CH2)7CH=CH(CH2)7CH3 
Glyceryl trioleate 
(triolein) 

(m.p.-6°) 
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This comparison illustrates the essential difference in the composition 
of solid and liquid fats. The solid fats contain a higher proportion of 
saturated glyceryl esters than do the liquid fats (oils). 

Drying oils such as linseed oil and tung oil are those which change to 
tough solids on exposure to the air. They invariably contain a large 
proportion of esters of the highly unsaturated acids. For example, lin- 
seed oil contains considerable quantities of trilinolein and trilinolenin. 

^0 

CH20C-(CH2)7CH=CHCH2CH=CH(CH2)4CH3 

I 

CH0C-(CH2)7CH=CHCH2CH=CH(CH2)4CH3 

I /O 

CH20C-(CH2)7CH=CHCH2CH=CH(CH2)4CH3 

Trilinolein 

^0 

CH 20 C-(CIl 2 ) 7 CH=CHCH 2 Crr=CHCH 2 CH=CHCn 2 CH 3 

I /O 

CH0C-(CH2)7CI1=CHCH2CH=CHCH2CH=CHCH2CH3 

I ^0 

CH20C-(CH2)7CH=CHCH2CH=CHCH2CH=CHCH2CH3 

Trilinolenin 

Tung oil consists largely of tricleostearin. Eleostearic acid is an isomer 
of linolenic acid; in it the three double bonds are conjugated. 

^0 

CH20C-(CH2)7CH=CHCH=CHCH=CH(CH2)3CH3 
I .^O 

CH0C-(CH2)7CH=CHCH=CHCH=CH(CH2)3CH3 

I ^0 

CH20C-(CH2)7CH=CHCH=CHCH=CH(CH2)3CH3 

Trieleostearin 

It has been mentioned that the most common fatty acids contain 
sixteen and eighteen carbon atoms. Esters of lower acids do occur, 
however. The mixture of acids obtained by hydrolysis of nutmeg oil 
contains a substantial proportion of myristic acid. Butter contains 
glyceryl esters of all the even carbon saturated acids from butyric to 
stearic acids. In Table XX is given the composition of the mixture of 
acids obtained by hydrolysis of a sample of butter. The consistency 
of butter is due partly to the presence of the unsaturated component 
and partly to the presence of esters of the lower acids. 

Coconut, oil is essentially saturated. Its consistency is approximately 
that of butter, but it is called an oil because it is a Uquid in the warm 
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regions where it is produced. The low melting point of this substance 
is to be ascribed largely to the presence of esters of lower acids. The 
composition of the acid mixture from coconut oil is given in Table XXL 
It is of interest to note that lauric acid is the chief component. 


TABLE XX 


Composition of Mixture of Acids from Hydrolysis of Butter 


Fatty Acid 

Formula 

Per Cent in Mixture 

Butyric .. . 

CH3(CH2)2C^H 

3.2 

Caproic 

/O 

CH3(CH2)4C-0H 

1.4 

Caprylic 

/O 

CH3(CH2)6C-0H 

1.8 

Capnc 

/O 

CH3(CH2)8C-0H 

1.8 

Lauric 

/O 

CH3(CH2)ioC-OH 

6,9 

Myristic .. 

^0 

CH3(CH2)i2C-OH 

22.6 

Palmitic 

/O 

CH3(CH2)i4C-OH 

22.6 

Stearic 

A) 

CH3(CH2)i6C-OH 

11.4 

Oleic 

/O 

C17H33C-OH 

27.4 



99.1 


TABLE XXI 


Composition of Mixture 

OF Acids from Hydrolysis of Coconut Oil 

Fatty Acid 

Formula 

Per Cent in Mixture 

Caproic 

CH3(CH2)4C02H 

0.2 

Caprylic 

CH3(CH2)8C02H 

8.0 

Capric 

CH3(CH2)8C02H 

7.0 

Lauric 

CH3(CH2)ioC02H 

48.0 

Myristic 

CH3(CH2)i2C02H 

17.6 

Palmitic 

CH3(CH2)i4C02H 

8.8 

Stearic 

CH3(CH2)i6C02H 

2.0 

Oleic 

C17HS8C02H 

6.0 

linoleic 

C17H31C02H 

2.5 



100.0 
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Castor oil is unique in that it consists of the glyceryl ester of a hydroxy 
acid. It is largely glyceryl triricinoleate. Ricinoleic acid may be con- 
sidered as a hydroxyoleic acid. 

CH20C-(CH2)7CH=CHCn2CH(CH2)5CH3 
.0 OH 

CHOC-(CH2)7CH=CHCH2CH(CIl2)5CH3 

.0 OH 

CH 20 C-(CH 2 ) 7 CH=CHCH 2 CH(CH 2 ) 5 CH 3 

( 1 )H 

Triricinolein 


Compounds such as triolein and tristcarin are considered as simple 
glyceryl esters, that is, the three acid radicals in such an ester are iden- 
tical. The naturally occurring fats and oils also contain mixed glyceryl 
esters, in which two or three different acid radicals are prcisent in 
the molecules. An ester of one molecule of glycerol, two molecules of 
stearic acid, and one molecule of palmitic acid, called palmitodistearin, 
occurs in beef tallow. Two formulas for such an ester are possible, as 
shown below. 


/O 

aCH 20 C-Ci 5 H;u 

I 


/SCHOC-C17H36 

I ^0 

7CH20C-C17H36 

a-Palmito-iS, 7-distearin 


/^O 

aCH 20 C-Cl 7 H 35 

I /O 
jSCHOC-CisHsi 

I 

7CH20C-C17H35 

i 3 -Palmito-a, 7-distearin 


Mixed glyceryl esters derived from three different fatty acids may 
exist in three isomeric forms. The general formulas for such isomers 
are given below. 


/O 

CH20C-R 
I ✓O 
CHOOR' 

I 

CH2OC-R" 


^0 ^0 

CH20C-R' CH20C-R 

T /O i ^0 

CHOC-R CHOC-R" 

I ^0 I/O 

CH20C-R" CH20C-R' 

Isomeric mixed glyceryl esters 


Because of the existence of isomeric mixed esters the natural fats 
contain many more components than is indicated by the analysis of the 
mixture of acids obtained by hydrolysis. 
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The Hardening of Vegetable Oils. Vegetable oils such as cottonseed 
oil and soybean oil find extensive use in the preparation of cooking fats. 
As indicated above, these oils are characterized by the presence of 
esters of unsaturated acids. In order to change them to solids it is 
necessary only to hydrogenate them. This is accomplished by treating 
the oils with hydrogen in the presence of nickel. The reaction may be 
considered as involving the change of triolein to tristearin. 

/O /O 

CH20C-(CH2)7CH=CH(CH2)7CH3 CH20C-(CH2)i6CH3 

I/O Ni I /O 

CHOC-(CH2)7CH=CH(CIl2)7CH3 + 3 H 2 > CHOC-(CH2)i6CH3 

I /O 200“ I ^0 

CH20C-(CH2)7CH=CH(CH2)7CH3 CH20C-(CH2)i6CH3 

Triolein (m.p. —6°) Tristearin (m.p. 71®) 

If the oil is allowed to react with enough hydrogen to effect complete 
saturation, the product is a hard, waxy solid. By interrupting the re- 
action before saturation is complete, a fat of the proper consistency 
for use as a substitute either for butter or for lard may be obtained. 
If it is to be used as a butter substitute it is churned with skimmed 
milk and otherwise flavored to increase its resemblance to butter. Pure 
vitamins or vitamin extracts may also be added. If the product is to 
be marketed in the summer it is made a little “harder” than that in- 
tended for winter use. The principal difference between natural butter 
and such substitutes is that the latter do not contain esters of the lower 
fatty acids. There is no difference in calorific value. 

Soaps and Detergents. The common soaps are sodium salts of fatty 
acids. They are usually made by boiling a fat with sodium hydroxide 
solution. When the saponification is complete the reaction mixture is 
saturated with salt, which assists in the separation of the soap by 
reducing its solubility (common ion effect). The glycerol remains dis- 
solved in the brine, from which it is separated by distillation. The 
following equation illustrates the saponification of a fat. 

/O 

CH20C~R CH 2 OH 

I/O I ^0 

CHOC-R + 3NaOH ¥ CHOH + 3RC~ONa 

I /O I 

CH 2 OC-R CH 2 OH 

Fat Glycerol Soap 

The composition of the soap depends upon the fat used in its prepara- 
tion. An olive oil soap consists largely of sodium oleate, a coconut oil 
soap contains sodium laurate and various other salts (p. 105), and tal- 
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low soap is largely sodium palmitate and stearate. Various substances 
are added to the salts of the fatty acids for the preparation of soaps for 
different purposes. For example, naphtha soaps contain emulsified 
petroleum naphtha (p. 29) which is a solvent for fats, oils, and greases. 
Laundry soaps often contain salts of the rosin acids, which have deter- 
gent properties. The rosin acids are complex organic substances ob- 
tained from the sap of coniferous trees. Shaving soaps contain glycerol 
and gum to prevent rapid drying of the lather. Medicated soaps con- 
tain antiseptics, such as phenols (p. 157) and mercury salts. Most 
soaps contain about fifteen per cent of water. 

Insoluble Soaps. The fatty acid salts of the alkali metals are soluble 
in water, but the salts of other metals are almost completely insoluble. 
The difficulties attending the use of soaps in hard water are known to 
everyone. Hard water contains salts of iron, magnesium, and calcium. 
When a soap solution is prepared in such water the first soap added is 
precipitated as the insoluble iron, magnesium, and calcium salts. Not 
only is soap wasted in this process, since the insoluble salts have no 
detergent action, but also the precipitates formed are difficult to remove 
from the objects being washed. They are particularly objectionable in 
the textile industry, since their presence in a cloth may cause it to be 
dyed unevenly. 

Some of the insoluble soaps are useful. Lead, copper, and mercury 
soaps are used in ointments and disinfectants. Zinc stearate and zinc 
palmitate are employed in face powders and in ointments. Aluminum 
soaps are incorporated into waxes and polishes. Several of the insoluble 
soaps are used in waterproofing textiles and leathers. 

The Alkyl Sulfate Detergents. Several detergents which are free 
from the disadvantages of soap used with hard water are now available. 
Most of them are salts of organic derivatives of sulfuric acid. The 
Gardinols, also sold under the trade name Drcft, are sodium alkyl- 
sulfates of the general formula ROSOsNa. The long-chain alcohols 
needed for their preparation are obtained by the hydrogenation (p. 107) 
of coconut oil. 

CH 20 C~R CH 2 OH 

inOC^R + 6 H 2 CHOH + 3RCH2OH 

I I 

CH20C-R CH20H 

Coconut oil Glycerol Primary alcohols 

The product is a mixture of glycerol and the primary alcohols corre- 

spon^ng to coconut oil acids (p. IQS'). These are separated by distillar 
tion, and the lauryl alcohol is used in the preparation of the detergent 
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w-Hexyl, 7W)ctyl, and n-decyl alcohols are by-products. The lauryl 
alcohol is treated with sulfuric acid and the resulting acid ester is 
neutralized. 


CH3(CH2)ioCH20H-FHOS020H — I CH3(CH2)ioCH20S020H+H20 
Lauryl alcohol Lauiylsulfuric acid 

CH3(CH2)ioCH20S020H + NaOH 

— ¥ CH3(CH2)ioCH20S020Na + H 2 O 
Sodium laurylsulfate 


The product sold as Vel is prepared in a similar way from mono- 
esters derived from glycerol and the fatty acids. These are obtained 
by ester interchange (p. 92) from coconut oil and glycerol. 


CH 2 OC-R CH 2 OH 
I /O I 
CHOC-R + 2CHOH - 
I ✓O I 
CH 2 OC-R CH 2 OH 
Coconut oil 


3 RC- 0 -CH 2 CHCH 2 OH 

OH 


Glycerol mono-esters 


^0 


RC-0CH2CHCH2OH -f- HOSO2OH 

6h 

— ¥ RC- 


/O 

RC-OCH 2 CHCH 2 OSO 2 OH + NaOH 
(!)H 


^0 

OCH 2 CHCH 2 OSO 2 OH -I- H 2 O 

6h 




RC-0CH2CHCH20S020Na + H 2 O 
OH 


The iron, calcium, and magnesium salts derived from either of these 
detergents are soluble in water, hence either can be used in untreated 
hard water. For certain purposes they have a further advantage in 
that they can be used in weakly acidic solutions. 

Dijdng Oils. Linseed oil, tung oil (China wood oil), and certain fish 
oils contain glyceryl esters of highly unsaturated fatty adds (p. 103). 
On exposure to air they change to tough, hard solids. The “dried" 
products are polymeric, so the drying must involve oxidation by the 
air and polymerization of the oxidation products. The process is cata- 
lyzed by metal oxides. Thus linseed oil as it is obtained from flaxseed 
c ha nges only very slowly when spread out in the air, but if it is first 
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heated with lead oxide it hardens within a few hours. These are the 
‘^raw'^ and ^^boiled” linseed oils of commerce. 

Soybean oil dries in the air, but the film is softer than that from lin- 
seed oil. When mixed in suitable proportions with linseed oil it can be 
used in paints. An interesting substitute for tung oil is derived from 
castor oil. The latter is dehydrated to yield the glyceryl ester of 
9,11-octadecadienoic acid. 


CH20C~(CH2)7CH=CHCH2CH(CH2)5Cn3 

CHOC-(CH2)7Cn=CHCH2CH(CH2)5CH3 
.0 OH 

CH20C-(CH2)7Cn=CHCH2CH(CH2)5Cn3 

OH 


Triricinolein 


/O 

CH20C-(CH2)7CH=CHCH=CH(CH2)r,CH3 
d ehy d mti ^ CHOC-?CH 2 ) 7 CH=CHCH=CH(CH 2 ) 5 CH 3 + 3H2O 

I ^0 

CH20C-(CH2)7CH=CHCH=CH(CH2)5CH3 


Oil paints are made by suspending finely ground pigments in a drying 
oil. Varnishes contain resins which increase the gloss. Both paints and 
varnishes contain ^‘driers,” metal salts which catalyze the reactions 
involved in the drying. 

Oilcloth is made by impregnating cloth with boiled linseed oil and 
allowing it to dry. Linoleum is made from a mixture of ground cork 
and boiled linseed oil which has been dried to a transparent jelly. 

Waxes contain esters derived from long-chain alcohols and long-chain 
acids. Beeswax is largely myricyl palmitate, carnauba wax contains 
myricyl cerotate, and spermaceti (from the head of the sperm whale) 
is mostly cetyl palmitate. 

^0 /O ^0 

CisHsiC-OCaiHes C25H6iC~'OC3iH63 CisHsiC-OCieHas 

Myricyl palmitate Myricyl cerotate Cetyl palmitate 

Some waxes also contain high molecular weight hydrocarbons, alcohols, 
and ketones. The waxes are not digestible. They find uses in the 
preparation of polishes, candles, and pharmaceuticals. 
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PROBLEMS 

1. Give equations for the conversion of isobutyl alcohol to: (a) isobutyric acid, 
(b) isovaleric acid, (c) isobutyl isovalerate, (d) isovaleryl chloride, (e) isovaleric 
anhydride, (/) isovaleramide, (g) isovalerophenone. 

2. Give equations to illustrate the following terms: (a) esterification, (h) am- 
monolysis, (c) saponification, (d) transesterification, (e) Friedel-Crafts synthesis 
of hydrocarbons, (/) Friedel-Crafts synthesis of ketones. 

3. Compare the formulas of stearic, oleic, linoleic, linolenic, ricinoleic, and 
eleostearic acids. Write equations for the conversion of each of the last five acids 
to stearic acid. 

4. Compare the structural formulas of the sulfate detergents with that of a 
soap. What structural features appear to be necessary in a compound which is 
to be used as a detergent? 

5. Assume that n-butyric acid, but not the chloride or anhydride, is available 
in the laboratory and n-butyrophenone is desired. Would you convert the acid 
to the chloride or to the anhydride in order to prepare the ketone? Explain. 

SUGGESTED READINGS 

WuKSTER, ^^Hydrogenation of Fats,^* Ind. Eng. Chem.^ 32, 1193 (1940). 

Stingley, ^'Preparation of Drying Oils,^^ Ind. Eng. Chem.f 32, 1217 (1940), 
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The amines may be regarded as derivatives of ammonia in which one, 
two, or three of the hydrogen atoms have been replaced by alkyl or 
aryl radicals. The amines are classified according to the number of 
such radicals present. Those in which only one organic residue is at- 
tached to the nitrogen atom are known as primary amines (RNH2). 


Secondary amines 


atom and tertiary amines 


ines 

ines ^ /N-R^ 


have two organic radicals on the nitrogen 


have three. 


In Table XXII the names, classes, formulas, and boiling points of a 
number of amines are given. 


Preparation of Amines 

Amines can be made in a great variety of ways but scarcely any of 
the methods is generally applicable. That of Hofmann is perhaps the 
nearest approach to a general method. Hofmann found that alkyl halides 
react with ammonia to form primary, secondary, and tertiary amines. 
The following equations illustrate the course of the reaction: 


RX + NH3 
RX + RNH2 
RX + R2NH 


[RNHsl+X- 

[R2NH21+X- 

fRsNHJ+X- 


RNH2 + NH4+X- 
Primary amine 

^ R2NH + NH4+X- 
Secondary amine 

^ R3N + NH4+X- 
Tertiary amine 


A fourth product is formed from the tertiary amine and the alkyl halide. 
It is known as a quaternary ammonium salt and may be regarded as an 
ammonium halide in which all four hydrogen atoms of the ammonium 
ion have been replaced by organic radicals. 
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BX + RaN — ► [R4N]+X- 

Quatemary 
ammonium salt 

The disadvantage of the Hofmann method is that it gives a mixture 
of products and the separation of a pure substance may be a difficult 

TABLE XXII 
Amines 


Name 

Class 

Formula 

Boiling Point 

Methylamine 

Primary 

CH3NH2 

-6.6“ 

Dimethylamine 

Secondary 

(CH,)sNH 

7.4 

Trimethylamine 

Tertiary 

(CHs)8N 

3.5 

Ethylamine 

Primary 

CH3CH2NH2 

16.6 

Diethylamine 

Secondary 

(CH3CH2)2NH 

55.5 

Triethylamine 

Tertiary 

(CH3CH2)3N 

89.5 

n-Butylamine 

Primary 

CH3CH2CH2CH2NH2 

77.8 

Aniline 

Primary 

C^NH, 

184.4 

p-Toluidine 

Primary 

CH3<^^)>NH2 

200 

(m.p. 45“) 

Methylaniline 

Secondary 

(^""^NHCHs 

195.7 

Dimethylaniline 

Tertiary 

<C^N(CH»), 

193.6 

Diethylaniline 

Tertiary 

<(~)>N(C2Ht)t 

215.6 

cK-Naphthylamine 

Primary 

< > 

<( )>NH* 

(m.p. 60“) 


problem. The boiling points of the ethylamines are far enough apart 
(see Table XXII) to permit separation by fractional distillation, and 
the method is used commercially to prepare all three amines from ethyl 
chloride and ammonia. 

The Hofmann reaction is generally useful as a laboratory method only 
with primary alkyl halides. However, by employing drastic conditions 
it can be employed with aryl halides. One of the commercial methods 
for the preparation of aniline makes use of the reaction which occurs 
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when chlorobenzene and ammonia are heated to about 200° under pres 
sure. Under the conditions required, the reaction is reversible. 





+ 2NH3 



NH 2 

A 

I + NH4C1 

V 

Aniline 


However, by addition of cuprous oxide to destroy the ammonium chlo- 
ride it can be made irreversible. The cuprous chloride formed is treated 
with alkali to regenerate the oxide for the next run. 


Cl 

A 


+ 2NH3 + CU20 


200° 


NH 2 

/\ 


+ 2CuCl + H 2 O 


V 


Among the most important general methods for the preparation of 
amines are those involving the reduction of nitrogen compounds of 
other types. For example, the classical method of preparing aromatic 
primary amines is the reduction of nitro compounds. Until the develop- 
ment of the chlorobenzene process, the reduction of nitrobenzene by the 
action of iron and a trace of acid was the only commercial preparation 
of aniline. 


< >N^ + 4 H 2 O + 2Fe 

^ ^0 



Nitrobenzene 



^NH2 + 2 Fe(OH )3 


Aniline 


This preparation is still carried out in industry. Aliphatic nitro com- 
pounds also can be reduced to primary amines. The lower nitroparaf- 
fins which have recently become available (p. 12) thus provide a source 
of methyl-, ethyl-, n-propyl-, and isopropylamines. 

A method of importance in the preparation of aliphatic primary 
amines involves the utilization of acid derivatives. Nitriles and amides 
can be reduced to primary amines, either by hydrogen and a catalyst 
or by sodium and alcohol. The reduction of nitriles enables one to pre- 
pare primary amines from alkyl halides and at the same time add one 
carbon atom to the chain. An example is the preparation of jS-phenyl- 
ethylamine from benzyl chloride by way of benzyl cyanide. 

^ <(^"A^H2CH2NH2 
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The reduction of amides provides a method for transforming an acid 
to a primary amine of the same number of carbon atoms. The con- 
version of lauric acid to laurylamine is an example. 

CH3(CH2)ioc4h CH3(CH2)ioC^NH2 

heat 

Lauric acid Lauramide 

CH3(CH2 )ioCH 2NH2 + H2O 
Laurylamine 

The same result could be achieved by dehydrating the amide to the 
nitrile and reducing the latter. 

Other methods for the preparation of primary amines, and of second- 
ary and tertiary amines, are discussed in Chapter XXIX. 

Reactions of Amines 

Hydration. Amines are more soluble in water than are the alcohols of 
corresponding molecular weights. Certain tertiary amines exhibit the 
peculiar behavior of being more soluble in cold than in hot water. 
These observations indicate that the amines form unstable hydrates 
which are more soluble than the amines. The hydration undoubtedly 
involves coordination between the nitrogen atom and a hydrogen atom 
of water. 

RsN: + H:6:H RaNiHiOiH R3N:H+ :0:H- 

• a • • * * 

Amine Amine hydrate Substituted 

ammonium 

hydroxide 

Ionization of the hydrate accounts for the basic properties of the amine. 
In this connection it is interesting to consider the basicity of quaternary 
ammonium hydroxides. These can be made from quaternary halides 
and silver oxide. 

2R4N+X- + Ag20 + H2O y 2R4N+OH- + 2AgX 

Quaternary 
ammonium hydroxide 

Here the hydroxyl group must remain as an ion, since the cation has 
no hydrogen atom capable of coordinating with it. As a consequei^ce 
the quaternary hydroxides are extremely strong bases, comparable to 
the alkali hydroxidea 
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Salts. Most of the reagents which attack ammonia also react with the 
amines. The outstanding characteristic of ammonia and amines is bar 
sicity. The basic character of ammonia may be attributed to its tend- 
ency to donate its unshared pair of electrons to a deficient atom or 
ion. In the formation of ammonium salts from ammonia and acids the 
pair is accepted by a hydrogen ion. 

H H 

H:N: + H+:C1:- — ► H:N:H+ :C1:- 

• • •• •• mm 

H H 

Ammonium chloride 

Primary, secondary, and tertiary amines react to form substituted 
ammonium salts. Methylammonium chloride, dimethylammonium 
chloride, and trimethylammonium chloride are obtained from methyl- 
amine, dimethylamine, and trimethylamine, respectively. 

H H 

CHaiN; + H+;C1;- — > CH3:N:H+ :C1:- 

ii '* ii ” 

Methylammonium chloride 

CH 3 CH 3 

CH 3 :N: -fH+:Cl:- — ► CH 3 :N:H+ :C1;- 

•• mm mm mm 

H H 

Dimethylammonium chloride 

CH 3 CH 3 

CHarN: -t-H+:Cl:- — > CH3:N:H+:C1:- 

CH 3 " CH 3 

Trimethylammonium chloride 

In order to amplify the writing of formulas, these products are ordinarily 
represented as CH3NH2 HCI, (CH8)2NH HC 1 , and (CH3)3N HC 1 , re- 
spectively. To emphasize their relationship to the amines from which 
they are derived the salts are usually referred to as methylamine hydro- 
chloride, dimethylamine hydrochloride, etc. 

Amides. Primary and secondary amines react with derivatives of 
adds to yield amides. The most convenient laboratory methods of pre- 
paring amides employ acyl chlorides and add anhydrides for the intro- 
duction of the acyl group. With chlorides of aliphatic adds it is neces- 
sary to employ two molecules of amine for each molecule of amide pro- 
duced because the hydrochloric add liberated from the reagent neu- 
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Reactions of Amines with Nitrous Acid 


Aliphatic amines can be classified on the basis of their reactions with 
nitrous acid. Primary aliphatic amines are converted to alcohols by 
this reagent. 

RNH2 + H 0 N =0 y ROH + N2 + H2O 


The reaction is of little value in the synthesis of alcohols from amines 
because of the tendency toward rearrangement during the replacement of 
the amino group by the hydroxyl group. Thus, treatment of n-propyl- 
amine with nitrous acid yields a mixture of propyl alcohol and isopropyl 
alcohol in a ratio of about 1 to 5. Propylene is also formed as the 
product, of a side reaction. 



CH 3 CH 2 CH 2 OH 

(expected product, 7%) 


CH3CH2CH2NH2 + H 0 N =0 ► CH3CHCH3 

OH 

(rearrangement product, 32%) 

CH3CTI-CH2 

(side reaction product, 28%) 



In testing an unknown aliphatic amine in this way the evolution of 
nitrogen gas is taken as an indication of the presence of a primary 
amine. 

Secondary aliphatic amines react with nitrous acid to give nitros- 
amines. 

R 2 NH + H0N=0 — V R 2 NN =0 + H 2 O 
A nitrosamine 


The nitrosamines are really amides of nitrous acid and as such would 
be expected to be neutral compounds. They usually separate from the 
test solution as neutral oils, insoluble in either acid or base. 

Tertiary aliphatic amines react with nitrous acid to give unstable 
salts. 

R 3 N + H0N=0 R 3 N H0N=0 
An amine nitrite 

The free tertiary amine can be recovered from the nitrite by the addition 
of alkali. 

Aromatic amines behave differently toward nitrous acid. Tertiary 
amines, such as dimethylaniline, react readily with nitrous acid to form 
p-nitroso derivatives. 

<^^^^N(CH3)2 + H0N=0 > 0N<^^^'^N(CH3)2 + H 2 O 

Dimethylaniline p-Nitrosodimethylaniline 
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This reaction affords an illustration of the ease with which aromatic 
amines undergo substitution in the ortho and para positions of the ring. 
The amino group greatly alters the properties of the aromatic system. 
Dimethylaniline reacts with nitrous acid in water solution at room tem- 
perature, whereas the reaction of benzene with the more vigorous reagent, 
nitric acid, requires a higher temperature, a nearly anhydrous reagent, 
and a catalyst (H 2 SO 4 ). 

Secondary aromatic amines react with nitrous acid to form nitros- 
amines, just as do the aliphatic analogs. For example, methylaniline 
3delds iV-nitrosomethylanilinc. 

<^^\nI1CH3 + H0N=0 


The importance of primary aromatic amines in industrial and labora- 
tory syntheses depends largely on their reaction with nitrous acid. 
Primary aromatic amines are converted to diazonium salts by treat- 
ment with nitrous acid in the presence of a mineral acid. The diazotizor 
tion of aniline is an example. 

<(^^NH2-HC1 + H0N=0 

L N 

Aniline hydrochloride Benzenediazonium 

chloride 

Since nitrous acid is unstable, sodium nitrite is added to an acid solution 
of the amine salt. The reaction is very rapid. An aqueous solution of 
sodium nitrite is added slowly until starch-potassium iodide paper indi- 
cates an excess of nitrous acid. In general, it is unwise to over-run the 
end point since free nitrous acid acts as an oxidizing agent. 

If the diazotization is carried out in alcoholic solution by adding an 
alkyl nitrite, the pure diazonium salt may be isolated. It can be thrown 
out of alcohol solution by the addition of ether. The pure salts are 
colorless, explosive solids. They are rarely isolated, but are used in 
aqueous solutions. On account of their instability, their solutions must 
be kept cold. Their instability seems to be due to the tendency of the 
two nitrogen atoms to separate as molecular nitrogen. 

The reactions of diazonium salts can be classified in three general 
types, replacement of the diazonium group l)y other atoms or groups, 
coupling reactions, and reduction. 


^C1- + 2H20 


/NCH3 + H2O 
N 

II 

O 

iV'-Nitrosomethylaniline 
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Replacement Reactions. If an aqueous solution of a diazonium salt is 
wanned, a phenol is produced. Benzenediazonium chloride yields phenol. 

<^^"^^+ 01 - + H2O > + N2 + HCl 

N Phenol 

The diazonium group can be replaced by a halogen atom by warming 
a diazonium halide with a solution of cuprous halide and halogen acid. 
This is the Sandmeyer reaction. It is illustrated by the formation of 
p-chlorotoluene from diazotized p-toluidine. 

^ CHs^^Cl + N, 

N 

p-Toluenediazonium p-Chlorotoluene 

chloride 

The Gattermann method differs by the use of metallic copper as the 
catalyst. The diazonium group can be replaced by bromine by treat- 
ing the diazonium bromide or sulfate with cuprous bromide and 
hydrobromic acid. Replacement by iodine can be effected by treating 
the diazonium sulfate with iodine and potassium iodide in the absence 
of a catalyst. 

Replacement of the diazonium group by the cyanide group is effected 
in much the same way. A diazonium chloride or sulfate is treated with 
a solution of cuprous cyanide. The preparation of o-tolunitrile from 
diazotized o-toluidine is an example. 


N+C 1 ~ + CuCN 


CH3 N 

o-Toluenediazonium 

chloride 


/ ^C=N + CuCl + N2 
CH3 


o-Tolunitrile 


The diazonium group is replaced by a hydrogen atom when a diazo- 
nium salt is treated with a reducing agent such as ethyl alcohol in the 
presence of copper powder. The reaction is of value because it enables 
one to introduce an amino group and make use of its directive influence, 
and then remove the amino group. The synthesis of m-bromotoluene 
is illustrative. This compound can be obtained only in slight amount 
by the bromination of toluene and its sjmthesis would at first appear 
difficult. However, both 0- and p-nitrotoluene can be obtained in the 
pure state from the nitration of toluene. From them both 0- and 
p-toluidine are available by reduction. If it were possible to brominate 
p-toluidine the bromine would enter the ring ortho to the amino group 
(meta to the methyl group). Removal of the amino group, by diazoti- 
zation and treatment with alcohol, would then produce m-bromotoluene 
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In practice one modification of this scheme is found necessary. If 
p-toluidine is brominated directly both the positions ortho to the amino 
group are attacked, because of the powerful effect of the amino group 
in activating the ortho and para positions toward substitution (p. 232). 
If the amine is first acetylated the bromination can be controlled, and 
the acetyl group can be removed by hydrolysis. The various steps in 
the synthesis of m-bromo toluene from p-toluidine are as follows: 


CH3 

\ 


(CHsCOsO 


NH* 


CH3 

/\ 


NH 


Brj 


COCH3 

CH3 



H2O 


CHs 

/\ 


Br 


CH3 


HONO^ 

H2SO4* 



yV 

C2H6OH 
Br Cu ^ 



I 


N+HSO4- 

III 

N 


JBr 


m-Bromotoluene 


NH2 


+ CHaC-H + H2SO4 + N2 


A side reaction which attends the use of alcohol and copper for the 
removal of the diazoniurn group is the formation of an ether. With 
benzenediazonium chloride the ether, phenetole, is the major product. 


+ CzHsOH ^ )>0C2H5 + N2 + HCl 

N Phenetole 


In many syntheses it is desirable to bring about the replacement of the 
diazoniurn group by hydrogen under the influence of reducing agents 
other than alcohol. The best reagents appear to be hypophosphorous 
acid and alkaline formaldehyde. 

Coupling Reactions. When a diazoniurn salt is treated with an aro- 
matic amine in the presence of a mild alkali, an azo compound is 
produced. The formation of p-dimethylaminoazobenzene from diazo- 
tized aniline, dimethylaniline, and potassium acetate is an example. 

O N+Cl- + <f^N " + CH3CO2K 

^ ^ X)H3 



p-i>imetbylammoazobenzme 


+ KCl + CH3CO2H 
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Phenols also couple with diazonium salts. The hydroxyl group of 
the phenols has an effect similar to that of the amino group in facilitating 
substitution in the ortho and para positions. Phenol, benzenediazonium 
chloride, and sodium acetate yield p-hydroxyazobenzene. 

/^^N+Cl- + + CH3C02Na 

N 

> ^ ^OH + NaCl + CH3CO2H 

p-Hydroxyazobenzene 


Azo compounds are colored. The coupling reaction finds many im- 
portant applications in the synthesis of dyes (p. 467). It is also used 
in the laboratory as part of a test for primary aromatic amines. The 
unknown amine is subjected to the action of nitrous acid and the result- 
ing solution is added to an alkaline solution of jS-naphthol. Since only 
primary aromatic amines can be diazotized, the appearance of a dye in 
the last step is proof that the unknown amine is a primary aromatic 
amine. 

Reduction of diazonium compounds produces arylhydrazines. Phenyl- 
hydrazine is made by reducing benzenediazonium chloride with sodium 
sulfite. 


+ 4[H](Na2S03) 
N 

<^~\nHNH 2HC1 + NaOH 


^NHNHa-HCl 

Phenylhydrazine 

hydrochloride 


4 >NHNH2 + NaCl + H2O 

rhenylhydrazine 


PROBLEMS 

1. Suggest useful syntheses of the following: (a) a-naphthylamine, (6) n-amyl- 
amine (from n-butyl alcohol), (-c) n-octylamine (from caprylic acid). 

2. Write equations for the reaction of aniline with: (a) acetic anhydride, (6) 
hydrochloric acid, (c) hydrochloric acid and sodium nitrite, (d) benzoyl chloride 
and aqueous sodium hydroxide. 

3. Give equations to represent: (a) diazotization, (6) the Sandmeyer reaction, 
(c) coupling reaction. 

4. By means of equations, show how toluene may be converted to: (a) p-nitro- 
toluene, (6) p-toluidine, (c) p-tolunitrile, (d) p-toluic acid, (e) p-iodotoluene. 



CHAPTER XI 


POLYFUNCTIONAL ACIDS 

Carbonic Acid and Its Derivatives 

Aqueous solutions of carbon dioxide are weakly acidic. From such 
solutions derivatives of carbonic acid can be prepared, although the 
acid itself never has been isolated because of the ease with which it de- 
composes to carbon dioxide and water. 

/O 

C=0 + H 2 O 7Z± HO-C-OH 

Carbonic acid is unique in containing two hydroxyl groups attached to 
the same carbonyl group. It is a dibasic acid, both hydrogen atoms 
being replaceable. 

Carbonic acid forms two series of salts, the bicarbonates and the car- 
bonates. Either may be obtained from an aqueous solution of carbon 
dioxide and an alkali. The formulas of the sodium salts are given as 
examples. 

/y 

NaO-C-OH NaO-C-ONa 

Sodium bicarbonate Sodium carbonate 

Other derivatives of carbonic acid, such as the chloride, esters, and 
the amide, are usually obtained from sources other than the acid. For 
example, the chloride, COCI 2 , known as phosgene, is prepared from car- 
bon monoxide and chlorine. 

CbO + Qa iSil. ci(>8l 

Phosgene 

Light can be used as the catalyst, hence the name phosgene (light- 
generated). Phosgene is an extremely poisonous gas (b.p. 8°) and has 
been used for military purposes. It has been said that inhalation for 
one-half hour of air containing as little as five parts per million of phos- 
gene (by volume) may be fatal. 
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Phosgene is formed in small quantities when chloroform is exposed 
to air and light. 


HCCI3 + [0] 


[HOCCI3] 


HCl + COCI2 


I fact militates against the use of chloroform as an anesthetic. Phos- 
is also formed by the action of hot water on carbon tetrachloride. 
For this reason, a fire extinguisher employing carbon tetrachloride is 
dangerous when used in a confined space. 


CCI4 + H2O 


2 HC 1 + COCI2 


Phosgene has the chemical properties of an acyl chloride. It reacts 
with water, ammonia, and alcohol to form the acid, amide, and ester, 
respectively. 


✓0 

ClC-Cl + 2H2O 


/O 

ClC-Cl + 4NH3 


/O 

ClC-Cl + 2C2H6OH 


✓0 

HOC-OH 


1 


+ 2 HC 1 


CO2 + H2O 
✓0 

H2NC-NH2 + 2NH4CI 

Urea 

C2H5OC-OC2H5 + 2 HC 1 
Ethyl carbonate 


The reaction of the chloride with alcohol can be arrested at an earlier 
stage, yielding ethyl chlorocarbonate (also called ethyl chloroformate). 

ClC-Cl + C2H5OH — ► CIC-OC2H6 + HCl 

Ethyl 

chlorocarbonate 


Ethyl chlorocarbonate is at once an acyl chloride and an ester. It re- 
acts with ammonia to give an amido-ester, ethyl carbamate. 


/O 

CIC-OC2H6 + 2NH3 


/O 

H2NC-OC2HS + NH4C1 

Ethyl carbamate 
(urethan) 


/O 

Carbamic add (H2NC-OH) is unstable but many of its salts and 
esters are well known. The ethyl ester is sometimes called urethan. 
It has been used in medicine as a hypnotic and sedative. Many of its 
derivatives in which organic groups are present on the nitrc^en atom 
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have similar properties. They may be made by treating amines with 
ethyl chlorocarbonate. Phenylurethan (or ethyl phenylcarbamate), for 
example, is obtained from aniline and the chlorocarbonate. 

<(°^nh2 + CIC- 0 C 2 H 5 — > ^^^nh(>oc 2H5 + Ha 

Phenylurethan 

Urea, the diamide of carbonic acid, is of historical interest as the 
first organic compound to be synthesized from inorganic substances 
(p. 1). It is the end product of protein metabolism in man. Am- 
monia liberated from the proteins is combined with carbon dioxide in 
the liver, and the urea so formed is eliminated in the urine. Urea is now 
produced commercially for use as a special fertilizer and in the prepara- 
tion of plastics and drugs. It is made from carbon dioxide and am- 
monia. These react to give ammonium carbamate, which can be con- 
verted to urea and water by heating. 

heat 

CO2 + 2NH3 ► H2NCONH4 ► H2NC-NH2 + H2O 

Ammonium Urea 

carbamate 

Unlike the simple amides, urea is a weak base. This might be ex- 
pected from the consideration that two ammonia nitrogen atoms are 
attached to a single carbonyl group (p. 6). The salts of urea with 
strong acids are stable only in the presence of an excess of the acid or 
in the dry state. In contact with water they are hydrolyzed completely. 
Urea nitrate is an example. 

H2NONH2 + HNO3 ;z± H2 NC~nh2*hno3 

Urea nitrate 

When urea nitrate is added to cold sulfuric acid it is dehydrated to 
nitrourea. 

^0 H2SO4 

HsNC-NHg HNOs H2NC-NHNO2 + H2O 

Urea nitrate Nitrourea 

Semicarbazide, a reagent for aldehydes and ketones (pp. 73, 79), is 
prepared by the electrolytic reduction of nitrourea. 

^0 /O 

H2NC>-NHN02 + 6[H] — ► H2NO-NHNH2 + 2H2O 

Semicarbazide 
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Urea undergoes hydrolysis in the same manner as other amides. The 
products are carbon dioxide and ammonia. 

HjO ✓O HsO 

H2NC-NH2 H2NC-ONH4 H4NOC-ONH4 

Urea Ammonium Ammonium 

carbamate carbonate 

¥ CO2 + 2NH3 + H2O 

One of the principal uses of urea is in the manufacture of urea-formal- 
dehyde resins. It is possible that the reaction involves the addition of 
urea to formaldehyde to give hydroxyrnethylurea and that the latter 
combines with itself by elimination of water to form a polymer. These 
reactions are shown in the following equations. 

HC-H + H2NC-NH2 — y HOCH2NHC-NH2 

Hydroxyrnethylurea 

^0 ^0 
HOCH2NHC-NH2 + HOCH2NHO-NH2 + HOCH2NHC-NH2, etc. 

/O ^0 

— ¥ HOCH2NHC-NH(CH2 NHC-NH)xCH 2NHC-NH2 + (x + 1)H20 

The formation of the plastic involves the further reaction of the long 
polymeric chains with more formaldehyde. Some of the NH groups 
add to formaldehyde, forming -N- groups at points along the chain. 

CH2OH 

When the material is heated in the mold these groups react with free 
NH groups in adjacent chains. The long chains thus become tied 
together and the molecule is built up in three dimensions. The linking 
of the chains can be illustrated as follows: 

-CH2-N-C-NH- 

I 

CH2 

I /O 

-CHy-N-C-NH- 

A polymer formed by a reaction which also produces a small molecule 
such as water or hydrogen chloride is known as a condensation polymer. 
The pol3rmerization of hydrox3rmethylurea is illustrative. When poly- 
merization is accompanied by the linking together of the long chains 
the polymer is said to be cross linked. 
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Cyanamide. The dehydration of urea yields cyanamide, HgNON, 

^0 

which may be regarded as the nitrile of carbamic acid (H2NC-OH). 
The most important derivative of cyanamide is calcium Qranamide. 
It is prepared from calcium carbide and nitrogen. 

CaC2 + N2 CaNCsN + C 

Calcium 

cyanamide 

Calcium cyanamide is used in the fertilizer industry. It is also a raw 
material for the preparation of sodium cyanide and other chemicals. 

Guanidine may be prepared by the addition of ammonia to cyan- 
amide. 

^NH 

H2NC=N + NH3 — ► H2NC 

'^NH 2 

Guanidine 

Guanidine bears a formal resemblance to urea, but the third nitrogen 
atom greatly increases the basic strength. The basicity of guanidine is 
approximately that of the amines. Guanidine is very easily hydrolyzed 
to urea, particularly in the presence of bases. 

/NH ^0 

H2N-C + H2O — ► H2NC-NH2 + NHs 

Cyanic Acid, Isocyanic Acid, and Fulminic Acid. When urea is heated 
with zinc chloride it loses ammonia and forms a gas which is called 
cyanic acid. The latter spontaneously changes to the trimer, known as 
cyanuric acid. 

NHs + HNCO > (HNCOa 

Cyanic Cyanuric 

acid acid 

Cyanuric acid is depolymerized by heating and so may serve as a source 
of cyanic acid. 

If cyanic acid is dissolved in water the resulting solution is strongly 
add. For this reason the solution is believed to contain a substance of 
the formula HOON, since this would be expected to be more acidic 
than the alternate stmeture, 0 =C=NH. On the other hand, its formar 
tion from urea and most of its reactions are more easily explained on the 


"H2NI 

//C =0 

H+N 
— 'H 


ZnClg 

220 " 
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baas of the latter formula. It seems likely that the substance is actu- 
ally a mixture of both forms in equilibrium. 


^ 

/ U 

HOC^N 


^ s* '‘Jl ^ 

0 =C=NH 


(Cyanic formula) (leocyanic formula) 

Cyanic acid 


As indicated above, the reactions of cyanic acid are best represented 
on the basis of the isocyanic structure. Water, alcohols, ammonia, and 
amines react, as shown in the equations below. 


OC=NH + H2O - 

0 =C=NH + CH3CH2OH 


r ^0 -| 

LHOC-NH2J 


NHs + CO2 


^0 

HOC-NH2- 

Carbamic acid 

/O 

CH3CH20C-NH2 

XJrethan 

(ethyl carbamate) 


OC=NH + NHs 
0 =C=NH + CH3CH2NH2 


^0 

H2NONH2 

Urea 

/O 

CH3CH2NHC-NH2 

Ethylurea 


It is often convenient to cany out reactions of alcohols or amines with 
cyanic acid by heating the reagent with urea. The urea slowly decom- 
poses to ammonia and cyanic acid, and the latter reacts with the re- 

^0 

agent. It is possible that the formation of biuret (H2NO-NHC-NH2) 
occurs in this way. It is formed along with ammonia when urea is 
heated alone. On the basis of the intermediate formation of cyanic add 
the reaction woidd be represented as follows: 

heat HsNd^NHa 

HaNC-NH2 NH3 + HN=C =0 H2NC-NHC-NH2 

Biuret 


Organic derivatives of the isocyanic type are well known. One of the 
most useful is phenyl isocyanate, prepared from aniline and phosgene. 


/O 

^nh 2 + acMia 


/O 
■NHO-a 


heat 


^N=C=0 + Ha 

Phenyl isocyanate 
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Its reactions resemble those of cyanic acid. For example, it reacts with 
alcohol to give phenylurethan and with aniline to give diphenylurea. 




^ ^N=C =0 + C2H5OH ► ^ NHC^0C2H6 

Phenylurethan 


(^N=O0 + 


.0 

■N 

Diphenylurea 


\ ^nhc-nh<. ^ 


This and other isocyanates are used in the laboratory to convert amines 
and alcohols to solid derivatives. 

Fulminic acid is an isomer of cyanic acid. Its structure is HONC, 
showing it to be related to the isocyanides (p. 209). The electronic 
formula is shown below. 


H: 0 :NjC: or HON^ 

Fulminic acid 


The mercury salt of fulminic acid is obtained from mercuric nitrate, 
nitric acid, and alcohol. Mercury fulminate is a powerful explosive, 
and because it detonates under a slight shock it is used in priming caps. 

Ethyl Orthocarbonate. Carbon tetrachloride may be regarded as 
the chloride of the hypothetical orthocarbonic acid, C(OH) 4 . Esters of 
this add are well known. They are usually made from chloropicrin 
(p. 373) and sodium alkoxides. The preparation of the ethyl ester is 
an example. 

NO2CCI3 + 4NaOC2H5 — > C(0C2H6)4 + NaN02 + SNaQ 

Chloropicrin Ethyl orthoeaxbonate 

Similarly, chloroform may be considered the chloride of orthoformic 
acid. Orthoformic esters are made from chloroform and sodium alk- 
oxides. 

HCCI 3 + 3 NaOC 2 H 6 > HC( 0 C 2 H 5)3 + 3NaCl 

Ethyl orthoformate 

Higher orthoesters have the general formula RC(OR03. As the formulas 
inchoate they are more closely related to the acetals than to the normal 
esters. 


The Dicarboxylic Acids 

In Table XXIII are given the names, formulas, and melting points 
of the simpler adds containing two carboxyl groups. It is interesting 
to note that they are all solids and that any aliphatic member containing 
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an even number of carbon atoms melts higher than the neighboring 
odd-carbon members. 

TABLE XXIII 


Name 

Formula 

Melting Point 

Aliphatic Dibasic Acids 

Oxalic 

0 0 

189^^ 

Malonic 

0 0 

H06CH26-OH 

136 , 

Succinic 

0 0 
ho(1!:ch2CH26-oh 

181 

Glutaric 

0 0 

H06CH2CH2CH26-0H 

98 

Adipic 

0 0 

ho<!1:ch2 CH2CH2CH2 (I!:-oh 

153 

Pimelic 

0 0 

Hoii(CH2)66-OH 

105 

Suberic 

0 0 

Ho6 (CH2)66-OH 

144 

Azelaic 

0 0 

HO(!i(CH2)76-OH 

106 

Sebacic 

0 0 

Ho6 (CH2)86-OH 

134 


Aromatic Dibasic Adds 

Phthalic 

(o-phthalic) 


0 


. ^0 
'^C-OH 
, /O 
IC-OH 


Israhthalic 

(m-phthalic) 


Terephthalio 


✓O 

C-OH 



208 (dec.) 


330 


(sublimes at 300° 


Pr^Muration-of the Dibasic Acids. Most of the simpler dibasic acids 
are prepared by special methods rather than by adaptations of the 
general methods for the introduction of the carboxyl group. 
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Sodium oxalate is prepared commercially by heating sodium formate. 
The reaction is a peculiar one involving the formation of hydrogen gas 
and the linking of the two carboxyl groups. 

<<’0 200* ✓O/O 

2HC-ONa ► H2 + NaOC-OONa 

Sodium formate Sodium oxalate 

The free acid is obtained by converting the sodium salt to the calcium 
salt and treating the latter with just enough sulfuric acid to precipitate 
the calcium as calcium sulfate. Evaporation of the resulting aqueous 
solution yields oxalic acid dihydrate. Salts of oxalic acid can also be 
made by fusing sawdust (cellulose) with alkalies. 

Oxalic acid is very easily oxidized to carbon dioxide and water. Even 
as mild an agent as a ferric salt (represented as ferric oxide in the equa- 
tion) brings about the oxidation. 

^ 0^0 

HOC-C-OH + Fe203 V 2CO2 + H2O + 2 FeO 


The use of oxalic acid in laundries for the removal of iron stains and ink 
spots depends on its reduction of ferric salts to soluble ferrous salts. 
Oxalic acid is also used in calico printing, in dyeing, and as a reagent 
in chemical analysis. 

Malonic acid is prepared commercially from acetic acid by way of 
chloroacctic and cyanoacetic acids. The equations for the reactions are 
as follows: 

CH3C-OH + CI2 ¥ CICH2C-OH + HCl 

Chloroacetic acid 

/O ^0 

CICH2C-OH + NaOH ¥ ClCHzC-ONa + H2O 

Sodium chloroacetate 


ClCHaC-ONa + NaCN ¥ N=CCH2CMDNa + NaG 

Sodium cyanoacetate 

^0 

NsCCHaC-ONa + 2H2O + 2 HC 1 

/O ^0 

¥ HOC-CH2C-OH + NH4CI + NaCl 

Malonic acid 


Malonic add is less important as an industrial chemical than is its 
ethyl ester. The latter is used extensively in syntheds (p. 151 ) and in 
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the preparation of certain drugs (p. 154). It is prepared from cyano- 
acetic acid by the action of ethyl alcohol and sulfuric acid. 

✓O 

NSCCH2C-OH + 2e2H60H + H2SO4 
Cyanoacetic acid 

y C2H6OC-CH2C-OC2H5 + NH4HSO4 

Ethyl malonate 

It should be noted that this conversion of the nitrile group to the ester 
group in a single operation is generally applicable and usually gives 
better yields than can be obtained by hydrolysis followed by isolation 
and esterification of the acid. 

Succinic acid is most conveniently obtained by catal 3 d;ic hydrogena- 
tion of maleic acid. 

CO2H 

(^C02H cata]3f8t CH 2 

+ H2 

H-C-C 02 H CH 2 

C 02 H 

Maleic acid Succinic acid 

Maleic acid is available commercially from the catalytic oxidation of 
benzene (p. 147). 

Glutaric acid is not a commercial chemical. One method of preparing 
it in the laboratory utilizes trimethylenc glycol as the starting material. 
The bromide is prepared from the glycol and converted to the dinitrile 
by the action of a cyanide. Hydrolysis of the dinitrile yields the acid. 

HOCH2CH2CH2OH + 2 HBr BrCH2CH2CH2Br + 2H2O 

Trimethylene glycol Trimethylene bromide 

BrCH 2 CH 2 CH 2 Br + 2NaCN ► N=CCH2CH2CH20N + 2NaBr 

Glutaxonitrile 

N=CCH2CH2CH2CfeN + 4H2O + 2HC1 

► HOO-CH2CH2CH2C-OH -f- 2 NH 4 CI 

Glutaric acid 

Adipic acid, as an intermediate in the manufacture of Nylon (p. 140), 
is one of the most valuable dibadc adds. It is prepared by oxidation 
of cydohexanol. Cyclohexanol is obtained by the hydrogenation of 
phenol (p. 226), 
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/V, 


lOH 


+ 3H2 


catalyst 


V 


Phenol 


CH 2 


“ \hoh 


CH 2 

I 

CH 2 

\l^2 


i: 


PI 2 


+ 4(0) 


-¥ 


GHz 

dH 2 \:hoh 
inz inz 

\^rz 

Cyclohexanol 

GHz 

/ \ ^0 
GHz G 

X)H 

^0 

GHz G 
\ / ^OH 
GHz 

Adipic acid 


+ H 2 O 


The higher dibasic acids are much less common than those discussed 
above, and their individual preparations will not be considered in detail. 
Pimelic acid is obtained from cyclohexanone by a series of reactions 
described later (p, 322). Suberic and azelaic acids are prepared by the 
oxidation of castor oil. Sebacic acid is obtained by heating castor oil 
with alkali. Still higher members may be made by the Kolbe electrolysis 
of the potassium salt of an acid ester. For example, the ethyl ester of 
1,18-octadecanedioic acid is made from potassium ethyl sebacate. 


^0 

2C2H60C~(CH2)8 


/O 

G-O 


/O 

■4 2 GO 2 + G2H50G-(GH2)i6G-0G2H6 

Ethyl 1,18-octadecanedioate 


Another general method consists in the hydrogenation (p. 93) of an 
ester of a dibasic acid to yield a glycol which is converted to the dibasic 
acid of two more carbon atoms by the nitrile ssmthesis. The method is 
illustrated by the scheme outlined below. 

/O /) 

C 2 H 50 G-(GH 2 )xG- 0 G 2 H 6 + 4 H 2 

H0GH2(GH2).GH20H + 2G2H60H 
H0GH2(GH2).GH20H — ¥ BrGH 2 (GH 2 )xGH 2 Br 

— ► N=GGH2(GH2).GH2C^ 

/O 

NsGGH2(GH2)xGH20N — 4 HOG-GH2(GH2).GH2G-OH 
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Of the aromatic dibasic acids, only phthalic acid is common. Its 
anhydride is prepared in large quantities by the catalytic oxidation of 
naphthalene. 


w 


+ 90,J^2 

(air) 




/ 


O + 4CO2 + 4H2O 




Naphthalene Phthalic anhydride 

The acid is prepared by hydrolysis of the anhydride. 


.0 




\ 


V\c- 


/ 


O + H 2 O 


/Nc>oh 


"0 


Phthalic anhydride 




Phthalic acid 


When naphthalene is oxidized with alkaline permanganate, phthalonic 
acid is formed. 

_co f^C-H 

^0 V 

>0H 


(O). 




Phthalonic acid 


Phthalaldehyde 

acid 


The latter compound can be decarboxylated easily and is thereby con- 
verted into phthalaldehyde acid. 

Behavior of Dibasic Acids on Heating. The dibasic acids exhibit 
several different types of thermal decomposition. The distance between 
the carboxyl groups determines the nature of the reaction. If the car- 
boxyl groups are in the 1,2 and 1,3 positions with respect to each other 
the dibasic acid easily undergoes decarboxylation. Thus, oxalic acid is 
converted to carbon dioxide and formic acid by heating at its melting 
point (189®). Formic acid is partly decomposed to water and carbon 
monoxide at this temperature, so the products actually obtained from 
oxalic acid are water, carbon monoxide, carbon dioxide, and formic acid 

/O/O heat /O 
HOOC-OH ¥ HC-OH + CO2 

heat 

HCM)H — ¥ H2O + CO 
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The decomposition occurs at lower temperatures when oxalic acid is 
heated with sulfuric acid. The products are then water, carbon mon- 
oxide, and carbon dioxide. 

Malonic acid likewise loses carbon dioxide on heating to 160® or 
higher. 

0 0 O 

II II heat II 

HOCCHsC-OH > CHaOOH + CO2 

The monobasic acids undergo decarboxylation only under much more 
vigorous conditions. The carboxyl groups in oxalic and malonic acids 
activate each other. It will be seen later that other unsaturated groups 
have a similar activating influence on the carboxyl group when they 
are in the a or /3 position with respect to it. 

When the two carboxyl groups are in the 1,4 or 1,5 positions, the 
characteristic reaction is one of dehydration. The product is a cyclic 
anhydride containing five or six members in the ring. Both succinic 
and glutaric acids are converted to their anhydrides by heating to tem- 
peratures in the neighborhood of their melting points. 


CH2~C 


CH2-C 


CH2-C CH2-C 

^0 ^0 

Succinic acid Succinic anhydride 

CH2-C CH2-C 

/ heat / \ 

CH2 --4 CH2 0 + H2O 

\ /OH \ / 

CH2-C CH2-C 


0 + H 20 


'0 

Glutaric acid 


Glutaric anhydride 


The ease with which these anhydrides are formed may be ascribed to 
the fact that the two carboxyl groups approach each other very closely. 
Models constructed from tetrahedral carbon atoms possess zigzag car- 
bon chains; rotation of each carbon atom with respect to those to which 
it is joined (by thermal energy in the actual molecule) causes the hydrojgrl 
groups of models of sucdnic and glutaric acids to collide. It is recom- 
mended that the student examine models for a demonstration of this 
point. 
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When the carboxyl groups of a dibasic acid are in more remote posi- 
tions cyclic anhydrides are not readily formed. When adipic acid is 
heated with a dehydrating agent it forms a polymeric anhydride by loss of 
water between carboxyl groups of different molecvles. The reaction can 
be illustrated as follows: 


0 0 0 0 0 0 
H0-C(CH2)46-0H + HO-(!i(CH2)46-OH + HO-6(CH2)46-OH 
0 0 0 0 0 0 
HOC(CH2)4(ilM>^(CH2)4(!!M>(l!:(CH2)4^ + 2 H 2 O 


The polymer actually obtained has a molecular weight of several thou- 
sand; it can be represented by the following formula. 

O 0/0 O \ 0 0 

H0(5(CH2)46-0 ( C(CH2)4C~0 ) C(CH2)4C-0H 

Polyadipic anhydride 


When adipic acid is heated in the presence of certain metallic oxides, 
such as barimn oxide and thorium oxide, it undergoes loss of carbon 
dioxide and water to form cyclopentanone. The reaction is used for 
the laboratory preparation of the cyclic ketone. 


CH, Yc \ 
XOH 

CH2 [OH] 

Adipic acid 


heat ^ 
BaO 


/ 

CH2 


CH2 


,C -0 + CO2 + H2O 


CH2^ 

CH2 
Cyclopentanone 


Kmelic acid is converted to cyclohexanone in good yields by this method, 
but the reaction is of no preparative value, since cyclohexanone is avail- 
able from the reduction of phenol (p. 133). 


CHs CajC-OHJ 

f ;ph/ 

0 

PimeUo acid 



CH, CH, 


ca,/ 

CH, 


I 


Oyclohexanone 


+ E20 + CO2 
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Cyclic ketones containing larger rings also may be obtained from the 
appropriate dibasic acids. However, the preparations are much less 
successful, from the standpoint of 3uelds, than those of cyclopentanone 
and cyclohexanone. It is to be noted that in the preparation of both 
cyclic anhydrides and cyclic ketones the yields are best when the product 
contains a five- or six-membered ring. It is generally true that rings of 
this size are more readily formed than larger or smaller ones. 

Derivatives of Dibasic Acids 

The carboxyl groups in the dibaac acids are capable of undergoing 
all the transformations described in connection with the monobasic 
acids. Thus, these acids 3deld esters, amides, chlorides, salts, and an- 
hydrides. Since two carboxyl groups are present it is possible to prepare 
mixed derivatives, such as acid esters, amido acids, and amido esters. 
A few such derivatives of succinic acid are listed below. 


^0 

^0 

CH2C-0H 

CH2C-0H 

I 

I 

CH2C-OK 

CH200CH2CH3 

Potassium acid 

Ethyl acid 

succinate 

succinate 

/O 

/O 

CH2C-NH2 

CH2C-NH2 

I 

1 ^0 

CH2C-0H 

CH2C-OCH2CH3 

Succinamic acid 

Ethyl succinamate 

Cyclic Imides. Those dibasic acids which easily form cyclic anhy- 
drides can be converted readily to imides. Imides are closely related to 
amides; they contain a nitrogen atom joined to two acyl groups. Suc- 
cinimide can be obtained by heating succinamide, much as the anhydride 

can be obtained from the acid. 


/O 

✓0 

CH2C-NH2 

CH2-C 

beat 

\ 


NH + NH3 

CH2-C^ 

CH2C-NH2 

\) 

^0 

Succmainide 

Succinimide 
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Glutarimide and phthalimide may be prepared in the same manner. 


✓O 

CH2-C 

CH2 ^NH 

\ / 

CHr-C, 

^0 

Glutarimide 


0 


\ 




/ 


NH 


O 

Phthalimide 


The most interesting property of imides is their acidity. It will be 
recalled that the amides, which contain one acyl group attached to 
a basic nitrogen atom, are neutral. The presence of the second acyl 
group on the nitrogen atom makes the imide a weak acid. The imides 
yield sodium or potassium salts on treatment with the corresponding 
alkali hydroxides. 


.0 




\ 


^0 

Phthalimide 


NH + KOH 


^0 


w 


/ 


N-K+ + H2O 


^0 


Potassium phthalimide 


Since the imides behave as extremely weak acids such salts are decom- 
posed by carbon dioxide. 






.0 


\ 


/V/ 




/ 

Potassium phthalimide 


N-K+ + CO2 + H2O 


\ 


/ 

Phthalimide 


NH + KHCOa 


V\, 


Polyesters Derived from Dibasic Acids* When a polybasic acid is 
allowed to react with a polyhydroxy alcohol the product may be either 
a cyclic ester or a polymeric ester. As might be predicted (p. 135), 
cyclic esters form when five- or six-membered rings are possible. Such 
cases are rare, since the simplest glycol and the simplest dicarboxylic 
gicid yield a six-membered cyclic diester. 
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OH HO 
/ \ ^0 

CH2 C 

\ / ^0 

OH HO 

Ethylene Oxalic acid 
glycol 


O 

/ \ 
CH2 c=o 


CH2 c=o 

\ / 

0 

Ethylene oxalate 


+ 2II2O 


The products are usually polyesters. Ethylene glycol and succinic 
acid, for example, react to give a linear condensation polymer. 

HOCH2CH2OH HOC-CHsCHaC-OH HOCH2CH2OH 

HO-C-CHsCHaC-OH, etc. 

/ /O ^0 \ ^0 ^0 

► H0Cn2CH20 \^C-CH2CH2C-0CH2CH20 J CCH 2 CH 2 C-OH 

A polyester 


If glycerol is used in place of ethylene glycol the polymerization pro- 
ceeds in all directions, yielding a three-dimensional polymer instead of a 
linear polymer. The most important polymers derived from glycerol 
are known as Glyptal resins; as the name indicates, they are formed 
from glycerol and phthalic anhydride. An idea of their structure can be 
gained from the following diagram: 


0 0 0 0 
• OCH2CHCH2OC COCH2CHCH2OC C • 

I 

0 






0 0 0 0 0 

0CH26HCH2OC COCH2CHCH2OC 6- • 

<z> <z> 


This section of the structure of a glycerol phthalic anhydride polymer 
shows one way in which the long chains (the horizontal ones) are tied 
together through esterification of the third hydroxyl group of the glycerol 
residue. In the same way each of the horizontal chains is tied to others 
on all sides, giving the polymer three dimensions. If glycerol and 
phthalic anhydride are used alone the product is an insoluble, infusible. 
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brittle substance. These properties are characteristic of cross linked 
polymers (p. 126). To prevent the formation of the three-dimensional 
polymer an aliphatic acid is added in amount suflScient to esterify one 
of the three hydroxyl groups of the glycerol. Products so obtained are 
known as modified Glyptals. One of the most interesting is modified by 
addition of a fatty acid obtained from a drying oil, yielding an air- 
drying resin which is used in the preparation of high-grade enamels. 

Polyamides — Nylon. When a dibasic acid is caused to react with a 
diamine under conditions suitable for amide formation, a condensation 
polymer is produced. Nylon is a polymer of this type, obtained from 
adipic acid and hexamethylenediamine. The latter is prepared from 
adipic acid by conversion to the amide and reduction of the amide or 
nitrile. Adipic acid is prepared from cyclohexanol, which in turn is 
made from phenol (p. 133). The equations for the preparation of Nylon 
from adipic acid are as follows: 

0 0 0 0 

II II heat II II 

hoc(ch2)400H + 2NH3 y H 2 NC(ch 2 ) 4 C~nh 2 + 2H2O 

pressure 

Adipic acid Adipamide 

O 0 

H2N^(CH2)46-NH2 + 4 H 2 

H2NCH2(CH2)4CH2NH2 + 2 H 2 O 

Hexamethylenediamine 

0 0 0 0 
H0^(CH2)4C-0H + H2N(CH2)6NH2 + H0C(CH2)46-0H 

+ H 2 N(CH 2 ) 6 NH 2 , etc. 

0 0 r 0 oi 

> H0C(CH2)4C>-LNH(CH2)6NHC(CH2)4cJ;^H(CH2)eNH2 

The molten polyamide is extruded in the form of fine filaments that 
are stretched by winding them from one reel onto another which rotates 
at a higher speed. The stretching process is believed to cause the long 
molecules, which are in random arrangement in the newly formed filar 
noent, to line up end to end and dde by side. The strength and elastidty 
of the filament are greatly increased by the stretching. The filaments 
are then gathered together and made into a yam. The textile obtained 
resembles silk but is superior to it in certain respects. 

The polyamide is aim produced in strands of fairly large diameter 
suitable for brislies. 
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The Hydroxy Acids 

The hydroxy acids contain an alcoholic hydroxyl group as well as a ' 
carboxyl group. In general, they have all the properties of alcohols as 
well as those of acids. In addition they have certain special properties 
which vary with the distance between the two functional groups. Those 
in which the hydroxyl and carboxyl groups are on the same carbon atom 
are known as a-hydroxy acids. The use of the Greek letters in naming 
substituted acids is evident from the names of the hydroxybutyric acids. 

CHsCHaCHC^OH a-Hydroxybutyric acid 
OH 

^0 

CH3CHCH2C-OH d-Hydroxybutyric acid 
(!)H 

^0 

CH2CH2CH2C-OH 7-Hydroxybutyric acid 

a-Hydroxy acids are sometimes made from the corresponding a-halo 
acids. Thus glycolic acid may be obtained by treating chloroacetic acid 
with water in the presence of calcium carbonate. 

^0 

CH3C-OH + CI2 — > CICH2C-OH + HCl 

Chloroacetic acid 

CICH2C-OH + HOH — ¥ HOCH2C-OH + HCI 

Glycolic acid 

Glycolic acid is manufactured by the condensation of formaldehyde, 
carbon monoxide, and water in the presence of a catalyst such as sulfuric 
acid dissolved in an organic acid such as acetic acid. The condensation 
takes place under pressure and at a temperature of 160 - 170 “. 

CO + CH2O + H2O — ► CH2CO2H 

Sh 

If the water is replaced by methanol the product is methyl glycolate 
(p. 227). 

. A very convenient synthesis of o-hydroxy acids makes use of the 
cyanohydrins derived from aldehydes and certain ketones. Mandelio 
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acid and a-hydroxyisobutyric acid are made in this way from benzal- 
dehyde and acetone, respectively. 

y^=\ ✓O hCN /=X H2O /=x 

VZX“ * ^ ^^CHC-OH 

OH OH 

Mandelic acid 

OH OH r. 

Aj HCN I H2O I 

CH3C-CH3 > CH3CCN CH3CCM)H 

6h3 6h3 

a-Hydroxyisobutyric acid 


The most important a-hydroxy acids are those obtainable from natural 

^0 

sources. The commonest of these is lactic acid, CH3CHOOH. It is 

6h 

intimately associated with certain of the chemical processes of life and is 
present in the blood and tissues, particularly in muscle tissue. It is 
formed from the sugar lactose in the souring of milk, hence the name lac- 
tic acid. 

Since lactic acid is at once an alcohol and an acid it might be expected 
to react with itself to form an ester. Actually, when a water solution of 
the acid is evaporated to a concentration of 50 per cent or higher, part 
of the acid is converted to the dimeric ester, lactide. 


CHaCH 


0 

II 

OOH 


OH 


/ 


OH 

k 


IHCH3 


HO-C 

II 

0 

Lactic acid 


0 

h 

/ \ 

CH3CH 0 

i CHCHs 

\ / 
c 

II 

o 

Lactide 


+ 2H2O 


Other a-hydroxy acids behave in the same way when subjected to 
dehydration. 

Malic add occurs in maple juice, in apples, and in other fruits. Tar- 
taric add, as the potassium acid salt, is obtained from argol or wine lees 
which are formed in the preparation of wine. Citric acid is a constituent 
of all dtrus fruits. It is extracted from lemons and is also prepared by 
"the action of molds on sugar solutions. 
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^0 

/O 

/O 

C-OH 

1 

C-OH 

C-OH 


1 

CHOH 

CHOH 

HO-C-C-OH 

CH2 

CHOH 

CH2 

UO 

I/O 

I/O 

C-OH 

C-OH 

C-OH 

Malic acid 

Tartaric acid 

Citric acid 


Lactic, malic, and tartaric acids each occur in isomeric forms which 
differ in their action on polarized light and are said to be optical isomers. 
This phenomenon is discussed in Chapter XIIL 
jS-Hydroxy acids usually are obtained by reduction of the correspond- 
ing ketonic acids or by means of the Reforrnatsky reaction (p. 276 ). 
j8-Hydroxybutyric acid is made by the careful oxidation of aldol (p. 73 ). 
/ 3 -Hydroxypropionic acid can be obtained from ethylene chlorohydrin. 

^0 ^0 

CH3CHCH2C-H + ( 0 ) ¥ CH3CHCH2C-OH 

OH OH 

Aldol /9-Hydroxybutyric acid 

HOCH2CH2C1 HOCH2CH2CN 22 ^ hoch 2 CH 2 (>oh 

Ethylene Ethylene /3-Hydroxypropionic 

chlorohydrin cyanohydrin acid 

The jS-hydroxy acids which contain a hydrogen atom on the a-carbon 
atom are rather unstable. On heating they lose the elements of water, 
forming unsaturated acids. ) 3 -Hydroxypropionic acid, for example, 
yields acrylic acid. 

^0 ^0 

HOCH2CH2OOH ► CH2=CHC>0H + H2O 

Acrylic acid 

Tartaric acid, when heated with sodium hydrogen sulfate, not only 
suffers the loss of water but also undergoes decarboxylation. The 
product is the simplest keto acid pyruvic acid. 

C-OH 

inoH 

6 hoh 

i/O 

C-OH 
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Citric acid also loses water at higher temperatures. The product is 
the corresponding unsaturated acid, aconitic acid. 


^0 

CH2C-OH 

I /O 

HO-CC-OH 

I ^0 

CH2C-0H 

Citric acid 



HCO-OH 

II /O 

CC-OH 
I /O 
CH2C-0H 
Aconitic acid 


If the decomposition is carried out by rapid distillation of the acid, 
decarboxylation occurs also, and the product is a mixture of the anhy- 
drides of ilaconic and citraconic acids. 


/O 

CH2C-0H 
I yO 


CH 2 =CC- 0 H 
Itaconic acid 


^0 

CH3CC-0H 

II ^0 

HCO-OH 
Citraconic acid 


When citric acid is heated with sulfuric acid it loses water and carbon 
monoxide and yields acetonedicarboxylic acid. 


^0 

CH2C-0H 

I ^0 

HOCC-OH 

I 

CH20-OH 


^0 

CH2C-0H 

-00 I 

CH20-0H 

Acetonedicarboxylic 

acid 


Loss of carbon monoxide and water is characteristic of a-hydroxy acids. 

7-Hydroxy acids are difficult to prepare. They lose water spontane- 
ously to form inner esters known as lactones. For example, reduction 
of the keto acid levulinic acid (p. 282 ) yields 7-hydroxyvaleric acid, 
which readily forms 7-valerolactone. 


/O /) 
CH8CCH2CH2C-OH 

Levulinic acid 




CH3CHCH2CH2C02H 

OH 



CH2 — CH2 

cacH 

V 

7-Valerolactone 


i=« 


M) 
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Unsaturated Acids 

The most common unsaturated acids are those which have the double 
bond between the a- and /3-carbon atoms. They are called a,/9-unsat- 
urated acids. The simplest member of the series is acrylic acid, whose 
preparation from jS-hydroxypropionic acid has been mentioned. It may 
also be obtained by the careful oxidation of allyl alcohol or acrolein. 

CH2=CHCH20H CH2=CHC^ 

Allyl alcohol Acrolein 

/O [OJ 

CH 2 -CHC-H -1-4 ch2=chcm3H 

Acrylic acid 

Crotonic acid may be prepared by the oxidation of crotonaldehyde 
(p. 74). ^ 

CH3CH=CH(>H CH3CH=CHC02H 


There are two isomeric crotonic acids. One is a solid melting at 72° and 
the other a liquid of melting point 15°. Hydrogenation of either yields 
n-butyric acid, and ozonization of either gives acetaldehyde, so there can 
be no question but that the abbreviated structural formula given above 
represents each of them. The difference 
between the two isomers can be under- 
stood readily by constructing models with 
tetrahedral carbon atoms. It is found 
that the inclusion of a double bond results 
in a rigid structure and that it is impos- 
sible for one of the two atoms so joined to 
rotate with respect to the other. If the 
two groups attached to each unsaturated carbon atom are different from 
each other it becomes possible to make two models as shown in the dia- 
gram. The isomer in which the two like groups are on the same side is 
called the cis form, and that in which they are on opposite sides, the tram 
form. The two crotomc acids are such a pair; their formulas can be 
represented as follows: 



H-C-CO 2 H 

CB[3'“C~H 

Crotomc acid, m.p. 72® 
{tram) 


H~OC02H 

h-(5-ch3 

Isocrotonic acid, m.p. 16° 
(cis) 
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It is interesting to note that here the trans form is the higher melting. 
This is generally true of ds-trans pairs. 

m-^rans-Isomerism is also called geometrical isomerism. It is a type 
of stereoisomerism (space isomerism), that is, the cis and trans forms 
differ in the space relationships within the molecules. 


Methacrylic acid, CH 2 =CC-OH, is one of the most important unsat- 


CHa 

urated acids. It cannot exist in cis-trans modifications, since one of the 
unsaturated carbon atoms bears two identical groups (hydrogen atoms). 
The methyl ester is prepared from acetone cyanohydrin by treatment 
with methyl alcohol and sulfuric acid (p. 77). Methyl methacrviate 
is of value because it polymerizes readily. 


OH 

HCN I 

CH3C=0 ¥ CHa-C-CN 

6h3 CHs 


CH3OH 
H2SO4 ^ 


CH3 

(n + 2)CH2=6 

CO2CH3 


^0 

CH2=CC-0CH3 + NH4HSO4 
CH3 

Methyl 

methacrylate 


catalyst 


CHa / CHa \ CHa 

-ch2(':: ( CH 2 C j-cii2C 

CO2CH3 \ COsCEaL CO2CH3 

Polymethyl methacrylate 


The conversion of methyl methacrylate to polymethyl methacrylate can 
be accomplished by heat, by ultraviolet light, or by the action of organic 
peroxides. The polymer is more transparent than glass. It softens on 
heating and so can be molded. Because of its toughness, transparency, 
and lightness it is used in the windows of airplanes. Because it can be 
molded easily it finds many other uses, as in lenses, decorative fixtures, 
and even in dentures. It is sold under the trade names Lucite and Plexi- 
glas. 

Polymethyl methacrylate has the peculiar property of conducting 
light along a curved path. Thus, when a flashlight is held against one 
end of a U-shaped rod of the material, the beam emerges from the other 
end, traveling in a direction opposite to its original course. Certain 
dental and surgical instruments make application of this phenomenon. 

Methyl acrylate also polymerizes readily. It is made from ethylene 
chlorohydrin by way of the Qranohydrin. 
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HOCH 2 CH 2 CI + NaCN 

Ethylene 

chlorohydrin 


HOCH 2 CH 2 CN + NaCl 
Ethylene 
cyanohydrin 


HOCH 2 CH 2 CN 


H2SO4, CH3OH 
heat 


^0 

f CH2=CHC-0CH3 


Methyl acrylate 


The polymer of methyl acrylate is much softer than that of methyl meth- 
acrylate. It is used in the finishing of textiles and leathers. 

Maleic and fumaric acids are isomeric unsaturated dibasic acids. Ma- 
leic acid is the cis isomer and fumaric acid is the trans form. In this case 
it is easy to distinguish between the two isomers, since maleic acid readily 
forms an anhydride. 


H-C~C-OH 

II ^0 

H-C-C-OH 


heat 


H20 + 


H-C-C 

II 

H-C-C 


^0 

> 


Maleic acid Maleic anhydride 


Fumaric acid is converted to an anhydride only under much more vigor- 
ous conditions. When heated to high temperatures it isomerizes to 
maleic acid and the latter yields maleic anhydride. 

n n 

HC-C-OH HP-r-OTT TTP-P 

V 1 ° > 

HOC-CH HC-C-OH HC-C( 

Fumaric acid Maleic acid Maleic anhydride 


Maleic anhydride is prepared conunercially by the catalytic oxidation 
of benzene. 

.Q 


H 

.a 


/“V / \ 

HC rCH VO HC \ 

2 I I I + 9O2 — ^ 2 1 p + 4CO2 + 4H2O 

HC ),CH HC / 

C ' X 

Benzene 

Maleic anhydride 


The add is prepared by hydrolyas of the anhydride. 
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Fumario acid is made by isomerization of maleic add. Among the 
catalysts which brii^ about the change are sulfur and bromine. 

H-C-C-OH . H-OOOH 

I ?| 

h-i5-c-oh hoo-o-h 

Maleic acid Fumaric acid 

Fumaric acid is found in many plants and is present in muscle tissue* 
The fact that fumaric acid is nontoxic and even occurs in living organ- 
isms, whereas maleic acid is a poison, affords a striking illustration of the 
differences which may exist in the physiological properties of cis-tram 
isomers. 

Acetylenic acids arc known also. Propiolic acid and acetylenedicar- 
boxylic acid are examples. 

HC=CC02H Ii02CCECC02H 

Propiolic acid Acetylenedicarboxylic acid 

Neither of these compounds exists in cis4rans modifications. The reason 
may be seen by examination of the following, diagram of an acetylenic 
compound: 



Fig. 2. 


The four atoms shown in the acetylene model lie in a straight line; 
there are no alternative positions for the groups a and b. 


Keto Acids— Tautomerism 

Ethyl acetoacetate is the ester of a j8-keto acid. It has been known for 
many years as the product obtained by the action of sodium on ethyl 
acetate. 


CH8^6C2H7+i^Cc5c2H6 

H 

Ethyl acetate 


p p 

[CH3C-CHC-OC2H8]Na 

+ CaH#OH 




CH3C-CH2C-OC2H6 
Ethyl acetoacetate 
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The ethyl alcohol reacts with the sodium to form sodium ethoxide. The 
latter appears to be the actual catalyst. Presumably, when sodium is 
used a small amount of sodium ethoride is produced from a trace of 
alcohol present in the ethyl acetate. The reaction then starts, and more 
of the catalyst is produced from the alcohol formed. In reactions of this 
type it is frequently desirable to add a little alcohol, if sodium is being 
used, or to use dry sodium ethoxide as the catalyst. The reaction is 
known as the acetoacetic ester condensation. It is generally applicable 

to esters of the formula RCHaC-OCaHs, sdelding /3-keto esters of the 
✓O ^0 

type RCH2C-CHC-OC2H5. 

Acetoacetic acid is rarely prepared. It is unstable and undergoes 
decarboxylation to jdeld acetone and carbon dioxide. 

CH3COCH2C-OH V CH3COCH3 + CO2 


This t 3 ^e of reaction is characteristic of /3-keto acids. The formation 
of pyruvic acid from tartaric acid (p. 143) probably involves a fi-keto 
acid as an intermediate. The steps in this interesting transformation 
appear to be the following: 


I* 

OOH C-OH 

()HOH -HaOj 6 h 

6hoh COH 

I/O uo 

C-OH C-OH 


.VvO 8 
C-OH 


iH2 -COj 


0=0 
L /0 


/O 

f CH3COC-OH 


hi 


OH 


Ethyl acetoacetate, commonly known as acetoacetic ester, has proper- 
ties which were puzzling to the chemists who first investigated it. As a 
keto ester, it would be expected to show the properties of ketones as well 
as those of esters. And, indeed, it does form carbonyl derivatives such as 
a sodium bisulfite addition product (p. 69) and also gives the reactions 
typical of esters, such as hydrolysis to an acid. 

0 0 SOsNa Q 

CHsC^HsC^CzHs + NaHSOs — > CH 36 cH 2 cA)C 2 H 5 

(!)H 

Sodium bisulfite addition 
product of acetoacetic ester 

✓0 ^0 /O ^0 

CH3C-CH2C-OC2H5 + H2O ^ CH3C-CH2CM)H + C2H6OH 

Acetoacetic acid 
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The curious fact is that a sample of the same lot of ester which gives the 
above reactions also behaves as a hydroxyl compound. For example, it 
gives a color with ferric chloride, a test which is characteristic of phenols 
(p. 160), and it can be converted to a sodium derivative by the action of 
sodium or sodium ethoxide. 

CH3C-CH2C-OC2H5 + NaOC2H5 

r /O ^0 - 1 - 

¥ LCH3C-CHC-OC2H.5J Na+ + C2H50H 

Sodioacetoacetic ester 

In order to account for all these reactions it was proposed that ordinary 
acetoacetic ester is a mixture of two compounds, called the keto and enol 
forms. 

^0 /O-II 

CHaC, ^0 CH3C 

^CH2C-0C2H5 ^CH-C-0C2H5 

(keto form) (enol form, 

classical formula) 

Acetoacetic ester 

If it is postulated that the two forms are in equilibrium, then it is possible 
to explain all the reactions. A reagent, such as sodium ethoxide, which 
attacks the enol form causes the equilibrium to shift until all the mate- 
rial has been converted to an enol derivative. A carbonyl reagent shifts 
the equilibrium in the other direction so that the sample behaves as if it 
contained only the keto form. The phenomenon of reversible inter- 
conversion between isomeric forms has been named tautomerism. The 
forms in mobile equilibrium are said to be tautomers of each other. 
Thus, the enol form of acetoacetic ester is a tautomer of the keto form. 

The sodio derivative was formerly considered to have a structure, 
corresponding, to that of the enol, in which the hydrogen atom of the 
hydroxyl group is replaced by a sodium atom. Since the sodio deriva- 
tive is an ionic salt this representation cannot be strictly correct. If the 
sodium is written as a cation, then the remainder must be written as an 
anion and the question of the location of the negative charge arises. It 
may be carried by the oxygen atom or by the carbon atom or it may be 
divided between them. For this reason the formula just shown will be 
used in the sequel, and no attempt to show the actual location of the neg- 
ative charge will be made. 

The correctness of the hypothesis with respect to the tautomeric forms 
of acetoacetic ester has been demonstrated by their separation. This 
can be accomplished by careful distillation in quartz apparatus. Glass 
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apparatus is to be avoided because alkali, always present in traces on the 
surface of glass, catalyzes the interchange of the two forms. The pure 
enol form has been found to possess all the chemical properties to be 
expected on the basis of the formula given above. It gives the enol reac- 
tions rapidly but does not react as a ketone except as it slowly tautomer- 
izes. Likewise the pure keto form reacts readily as a carbonyl compound 
but responds only slowly to enol reagents. Either of the pure forms 
slowly changes to ordinary acetoacetic ester on standing. In the pres- 
ence of a trace of alkali the change is rapid. The equilibrium mixture 
obtained from either form contains about 10 per cent of the enol. 

In the separation of the tautomeric forms of acetoacetic ester by dis- 
tillation the enol form was found to be the lower boiling. At the time, 
this was a surprising observation, since ketones ordinarily boil lower 
than alcohols of similar structure (acetone, b.p. 56.1°; isopropyl alcohol, 
b.p. 82.3°). However, when it is recalled that the boiling points of alco- 
hols are ‘^abnormal” because of association (p. 45), a glance at the 
formula of the enol is sufficient to explain the apparent anomaly. The 
hydrogen atom of the hydroxyl group is so near the carbonyl oxygen of 
the ester group that coordination occurs between them, forming a chelate 
ring (p. 89). 


/^\ 
CH3C^ / 

CH-C-OC 2 H 6 

Enol of acetoacetic ester 


The hydrogen atom of the hydroxyl group is thus not available for 
coordination with an oxygen atom of another molecule and conse- 
quently association docs not occur. It is believed that chelation 
tends to stabilize the enol form. This would account for the fact that 
enols which are incapable of chelation, such as the hypothetical vinyl 
alcohol CH2===CH0H (p. 23), have not been isolated. 


The Use of Acetoacetic Ester and Malonic Ester in Synthesis 

As indicated above, acetoacetic ester is readily converted to its sodio 
derivative. The latter can be alkylated by treatment with alkyl hal- 
ides; either one or two alkyl groups can be introduced. The following 
general equations are illustrative. 

✓O /O NaOC2Hs r <^0/0 I ~ 

CH8C-CH2C-OC2H6 , , , , ^ ■ > CH3C-CHO-OC2H5 Na+ 

alcohol solution t J 
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r o'O /O 

LCH3C-CHC-OC2H6 


]■ 


CH3C-CHC-0C2H5 

'k 


Na+ + RBr 

alcohol 
solution 


4 CH3C-CHC-OC2H6 + NaBr 

k 


NaOC2H6 


^0 ^0 

CH3C-C-C-OC2H5 

A 


Na+ 


^0 

CH3C-CC-OC2H5 

I 

R 


Na+ + R'Br 


0 R' ^0 

CH3^C-C^C2H6 + NaBr 

k 


The value of these reactions in synthesis lies in the fact that the substi- 
tuted acetoacetic esters may be converted to either ketones or mono- 
basic acids. If a ketone is desired the substituted ester is saponified by 
mild treatment with alkali. Acidification of the reaction mixture yields 
the substituted acetoacetic acid. On heating, the latter undergoes decar- 
boxylation to a ketone. 

0 R' /O 0 R' ^0 

CH3C-C-C-OC2H5 — ^CHsC-C-KC^pja — ^CHaC-CHR' + CO2 
R R R 


In practice, this synthesis of disubstituted ketones is of little value; the 
hydrolysis of the dialkylated ester requires such strenuous conditions 
that the acid cleavage predominates. 

If the substituted acetoacetic ester is heated with strong alkali, 
cleavage between the a- and /3-carbon atoms occurs. The products are 
the sodium salts of acetic acid and a higher acid. 


R' 

rrr A i vr 

CH3C“C — C— 1OC2H6 " ' ) 

I NaOlH 
R ' 


I 

9 I / 

CH3C{-C-C-0Na 

NaOinl 

' R 



+ )CH(/oNi 


a 


Both the ketone cleavage and the acid cleavage may be carried out on 
monoalkyl acetoacetic esters. It is thus evident that from acetoacetic 
ester and alkyl halides one may prepare mono- and dialkylacetones and 
■^mono- and dialkylacetic adds. In the dialkyl derivatives the substit- 
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uents are attached to the same carbon atom and may be alike or differ- 
ent. These various products may be represented as follows. 


/O 

CH3C-CH2R 


RCH2C-OH 


/O 

CH3C-CHR 

A' 

R /O 
>CHC-OH 
R' 


/O 

CHsC-CHR 


R ,0 
X^HC-OH 
R 


In actual laboratory work it is more convenient to prepare the adds 
from malonic ester. Like acetoacetic ester, malonic ester sdelds a sodio 
derivative which reacts with alkyl halides. 




O 

C2H60CCH2(>bc2H6 + NaOC2H5 

— > Lc2H50CCHC^C2H5. 

Malonic ester Sodio malonic ester 




Na+ -f- C2H6OH 


O 




C2H50bcHC-0C2H5j Na+ + RBr 


.0 


0 

C2H50CCHC^C2H6 + NaBr 


0 




C2H60bcHcA)C2H6 


-|- NaOC2H6 


0 ^0 

C2H50CC(>0C2H5 

I 

R 


Na+ + C2H6OH 


O 


C2H60(!iCCM)C2H6 


L 




OR' Q 

Na+ + R'Br — y C2H60b6c-0C2H5 + NaBr 

k 


Cleavage of the substituted malonic ester jdelds only the substituted 
add. It is usually accomplished by saponification of the ester followed 
by isolation and decarboxylation of the malonic acid. 


0 R' 0 

C2H8OC-C-COC2H6 

R 


f d^R'O 
h [oo| c-coh 

R 


R' 

‘ ^CHCOjH+COa 

K 
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The substituted acetic acids so obtained arc identical with those that can 
be prepared from acetoacetic ester. The advantage in the use of malonic 
ester lies in the fact that the yields aie usually better, since the ketone 
cleavage which occurs as a side reaction in the acid cleavage of a substi- 
tuted acetoacetic ester cannot occur in the corresponding malonic ester. 

Aryl halides do not react with the sodio derivatives of acetoacetic and 
malonic esters and hence cannot be used in the syntheses indicated 
above. Among the alkyl halides those which are primary usualt^ give 
excellent yields. Good results are obtained with secondary halide , but 
the yields from tertiary halides are negligible. 

Barbituric Acid and Its Derivatives. When malonic ester and urea 
are brought together in the presence of sodium ethoxide they react by 
elimination of alcohol to form a cyclic substance known as barbituric 
acid. 


0 

C^2 ^C=0 

\-{0gHrjHj2N^ 

0 


NaOCjHs 

^ 


0 

11 

^C— NH 

CHz ^C= 0 + 2 C 2 H 50 H 

^C— NH 
II 

0 

Barbituric acid 


It wiU be noted that this compound is not a carboxylic acid. Its acidic 
property may be attributed to the presence of the two imide groups, or 
to the existence of an enol form. 

0 OH 

(!!!-nh lyN 

/ \ _^ Z' \ 

CHa C=0 rzi H-C C-OH 

\ / \ / 

C-NH C=N 

6 (!)H 

(keto form) (enol form) 

Barbituric acid 

Barbituric add is a h3rpnotic and a sedative but in medidne it has been 
displaced by derivatives which are more effective. A great variety of 
derivatives have been prepared by alkylating malonic ester before con- 
densing it with urea. For example, barbital (diethylbarbituric add) in 
prepared from ethyl diethylmalonate and urea. 
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0 

6-OC2H5 

CzHss / 

C 

C2H5'' \ 

C-OC2H5 

II 


H2N 


\ 


c=o 


/ 

H2N 

0 

(i>NH 

NaOCjHs C!2H6 s / \ 

► C C =0 + 2C2H5OH 

C2H5/ \ / 

C-NH 

Barbital 


Other common barbiturates are amytal (isoamylethylbarbituric acid), 
alurate (allylisopropylbarbituric acid), and phenobarbital (phenylethyl- 
barbituric acid), the formulas of which appear below. 


0 

II 

C-NII 

CH3CH2\ / \ 

ch3\ c 00 

CHCH2CH2/ \ / 


CH3/ 


C-NH 
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0 

(^-NH 

CH2=CHCH2s / \ 

c c=o 

CII3CH/ \ / 

61I3 C-NH 


II 

0 


Amytal 


0 

II 

C-NH 

CoHsx / \ 

C C =0 

CH3CH2/ \ / 

ONH 

II 

O 

Phenobarbital 


Alurate 


PROBLEMS 

1. Give equations for commercial preparations of the following substances 
from coal, petroleum, and inorganic substances: (a) oxalic acid, {b) malonic acid, 
(c) succinic acid, (d) adipic acid, (e) urea, (/) Nylon, (g) barbituric acid, (h) 
phthalic acid, 

2. By means of formulas or equations, illustrate the following: (a) condensa- 
tion polymerization, (6) lactone, (c) lactide, (d) tautomers, (e) cis-irans isomers, 
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(/) imide, (g) cross linking, {h) polyester, (i) chelation, (j) enolization, (k) keto- 
nization« 

3. Give equations for the preparation of the following from acetoacetic ester, 
malonic ester, ethyl alcohol, and n^butyl alcohol: (a) caproic acid, (ft) methyl 
n-amyl ketone, (c) di-n-butylacetic acid, (d) 2 -ethylhexanoic acid. 

4. Predict the effect of heating on: (a) methylmalonic acid, ( 6 ) phthalic acid, 
(c) a-hydroxycaproic acid, (d) ^-hydroxycaproic acid, (e) 7 -hydroxycaproic acid, 
(/) 3-hydroxycaproic acid, (g) ehydroxycaproic acid, Qi) jS-ketocaproic acid, 
(t) succinamic acid. 

SUGGESTED READINGS 

Bolton, “The Development of Nylon^^ (Chemical Industry Medal Address), Ind, 
Eng, Ch&m., 34, 53 (1942). 

Hoff, “Nylon as a Textile Fiber, Ind. Eng, Chem.y 32, 1560 (1940). 

Predebick, “Acrylic Resins,'* Modern Plasticsy 17 [2], 22 (1939). 



CHAPTER XII 


PHENOLS 


The properties of compounds containing a hydroxyl group directly 
attached to an aromatic ring are altogether different from those of the 
alcohols. For this reason, these substances constitute a separate class of 
organic compounds. They are called phenols, after the name of the 
simplest member. 

Phenol itself occurs in coal tar, but the supply so available has long 
been augmented by the commercial synthesis of the substance. The 
oldest industrial preparation, one which is still in use, is the alkali fusion 
of sodium benzenesulfonate. The raw materials are benzene, sulfuric 
acid, and sodium hydroxide. 


A ? 

I + HOSOH 


0 

At^OH 


o 


+ H20 


Benzcnesulfonic acid 


0 

A-^OH 
I I ^ + NaOH 


0 

A-^ONa 

I 6 + ^20 
V 


0 

A-^ONa 


V 


^ + 2 NaOH 

AoNa 


heat 


AoNa 


+ NaaSOs + H2O 


V 

Sodium phenoxide 

Aoh 


+ H2SO4 


V 


+ Na2S04 


V 

Phenol 

(m.p. 4 r;b.p. 182 ®) 
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The more recent methods involve the hydrolysis of chlorobenzene. 
Aromatic halides are ordinarily very resistant to hydrolysis, and drastic 
conditions are required to effect the reaction. In one process chloro- 
benzene is heated under pressure with sodium hydroxide to give sodium 
phenoxide and sodium chloride. The chlorobenzene may be prepared 
by chlorination, so the raw materials are benzene, chlorine, and sodium 
hydroxide. 


A 

I +CI2 

V 


FeCls^ 


Aci 

I +HC1 

V 


Aci heat AoNa 

+ 2NaOH > 




+ NaCl + H 2 O 


Sodium phenoxide 


lONa 


+ HC1 



+ NaCl 


Phenol 


In the newest process, benzene, hydrogen chloride, and air are heated 
in the presence of a catalyst to form chlorobenzene. Presumably, the 
oxygen of the air converts the hydrogen chloride to chlorine and the 
latter attacks the benzene. The hydrogen chloride liberated in the 
chlorination is reoxidized by the air, so the net reaction can be expressed 
by the following equation. 


2 


1^+02 + 2HC1 


heat 

— ; — > 2 

catalyst 


j^Cl 

V 


+ 2H2O 


The chlorobenzene is then heated with steam in the presence of a catsr 
lyst. Phenol and hydrogen chloride are formed. The hydrogen chlo- 
ride is returned to the first stage of the process; neglecting any losses of 
hydrogen chloride, the raw materials are benzene, air, and water. 

The cresols and naphthols are important phenols related to toluene and 
naphthalene, respectively. The cresols are present in coal tar and are 
obtained by extraction of the middle oil. For most purposes a mixture 
of the three is used. The naphthols are made by alkali fusion of the cor- 
responding naphthalenesulfonic acids (p. 42). The formulas of the 
cresols and naphthols are given below. 
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o-Cresol 
(m.p. 31°; 
b.p. 191°) 
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CHa 



m-Cresol 
(m.p. 10°; 
b.p. 203°) 


CHa OH 



p-Cresol a-Naphthol 
(m.p. 35°; (m.p. 96°) 

b.p. 201°) 


/3-Naphthol 
(m.p. 122°) 


Other phenols of importance in commerce are picric acid (2,4,6-trini- 
trophenol) and the dihydroxybenzenes, catechol (pyrocatechol), resor- 
cinol, and hydroquinone. The preparations of these compounds are given 
later. Their structures are as follows: 


OH 

OH 

OH 

OH 

N02jP^02 

P^OH 

1 

A 

V 

V 

^H 

V 

N 02 



OH 

Picric acid 

Catechol 

Resorcinol 

Hydroquinone 
(m.p. 169°) 

(m.p. 122°) 

(m.p. 104°) 

(m.p. 110°) 


In the laboratory, phenols are usually prepared by the alkali fusion 
of sulfonates or by the hydrolysis of diazonium salts (p. 120). 

From the melting points (given under the formulas) it can be seen that 
most of the phenols are solids. Phenol and o- and p-cresols are often 
encountered as liquids because a small amount of water, taken up from 
the air, is suflScient to lower their melting points to values below room 
temperature. 

Reactions of Phenols 


The common name for phenol, ^'carbolic acid,^’ originates from the 
fact that phenols are weakly acidic. Most of them are only slightly sol- 
uble in water, but they dissolve readily in aqueous sodium hydroxide 
because of the conversion to salts. The formation of sodium phenoxide 
is an example. 


I + NaOH 

V 



+ H20 


Sodium phenoxide 


Since the phenols are very weak acids, solutions of their salts are alka 
line. Addition of a slightly stronger acid, such as carbon dioxide (car 
bonic acid), liberates the free phenol This property can be used in the 
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laboratory to distinguish phenols from carboxylic acids, for the latter are 
not displaced from their salts by carbon dioxide. 

Most phenols give highly colored compounds when added to aqueous 
ferric chloride. This property is often used as a qualitative test for 
phenols; enols (p. 160) also give colors. 

It will be recalled that the alcohols are neutral substances. In the 
phenols the hydroxyl group is attached to an unsaturatcd carbon atom, 
and the compounds are more closely related structurally to the enols 
(p. 150) than to the alcohols. In most of their chemical properties they 
show little resemblance to alcohols. For example, they do not react with 
halogen acids to form halides. In some instances the hydroxyl group 
of a phenol can be replaced by halogen by treatment with phosphorus 
halides, but the reaction is of little value in synthesis (p. 244). Phenols 
cannot be esterified by the direct action of an organic acid, the process 
most often used in the preparation of esters of alcohols. Esters can be 
obtained by the action of acyl chlorides or anhydrides on phenols. The 
preparation of p-cresyl acetate is an example. 

^OH + CHaC-Cl ^ CHs^ ^OC-CHa + HCl 

p-Cresyl acetate 

Alkyl ethers of phenols are easily obtained by treating sodium salts 
of phenols with alkyl halides or alkyl sulfates. For example, anisole is 
made from sodium phenoxide and methyl sulfate. 



>Na + CH 3 OSO 2 OCH 3 ¥ 2 ^OCHa + Na 2 S 04 

Anisole 


Diaryl ethers can be made from aryl halides and salts of phenols, but, 
because of the low reactivity of aryl halides, drastic conditions are 
required. 

The properties generally considered most characteristic of phenols, 
aside from their acidity, are those involving reactions of the aromatic 
ring. The presence of the hydroxyl group greatly modifies the properties 
of the ring. In particular, substitution reactions occur with remarkable 
ease. For example, cold dilute nitric acid (16 per cent) converts phenol 
to a mixture of o- and p-nitrophenols, whereas the nitration of ben- 
zene requires treatment with a hot mixture of concentrated nitric and 
sulfuric acids (p. 37). 



« + H0N02 


H 2 O + and N02<^ 

NO 2 

o-Nitrophenol p-Nitrophenol 
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Another example of the enhanced reactivity of the aromatic ring in 
phenols is the coupling of diazonium salts with these compounds (p. 122). 
In general, with respect to the ease of substitution the phenols are to be 
compared to the aromatic amines (p. 232). 

When heated with carbon dioxide, the sodium salts of phenols give a 
peculiar reaction in which a carboxyl group is introduced into the 
aromatic ring. This is the Kolbe synthesis, which is very useful for the 
preparation of phenolic acids. An example is the synthesis of salicylic 
acid from sodium phenoxide. 

ONa 

/\ 

j + CO 2 

V 

OH o 
f;^C^ONa 
I +HC1 

V 

Some p-hydroxybenzoic acid also is produced in the reaction. This 
reaction is carried out on a large scale industrially because of the value 
of various derivatives of salicylic acid in medicine. The most common 
of these is aspirin (acetyl salicylic acid), made by treatment of salicylic 
acid with acetic anhydride. It may be regarded as a substituted phenyl 
acetate. Aspirin is consumed in the United States at a rate which 
approximates 5,000,000 lb. per year. Salol is the phenyl ester of sali- 
cylic acid. It is used as an intestinal antiseptic. It is made from a mixture 
of salicylic acid, phenol, and phosphorus oxychloride. Methyl salicyl- 
ate, known as oil of wintergreen, is applied externally for the relief of 
rheumatic pains. It is made by the direct esterification of salicyUo 
add with methyl alcohol. The formulas of these drugs are shown below. 





Aspirin Salol Oil of winteigreen 

(acetyl salicylic (phenyl salicylate) (methyl salic;^te) 

acid) 
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The Reimer-Tiemann reaction provides a method for the synthesis 
of phenolic aldehydes. The sodium (or potassium) salt of a phenol is 
heated with chloroform in the presence of aqueous alkali to give products 
containing the aldehyde group in positions ortho and para to the hydroxyl 
group. The synthesis of salicylaldehyde and p-hydroxybenzaldehyd(» 
from sodium phenoxide illustrates the process. 
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iC-H 
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O 
iC-H 


\^0 

C-H 

OH 

/\ 


and 


V 


C-H 

Salicylaldehyde p-Hydroxy- 
benzaldehyde 


It is believed that the reaction involves the formation of the inter- 
mediate dichloro compounds shown in the equations. 


Industrial Uses of Phenols 

The simple phenols are very poisonous and find many uses in the 
preparation of antiseptics, germicides, and disinfectants. Phenol, the 
cresols, and resorcinol are present in many such preparations. Phenol 
is also an important raw material for the manufacture of many dyes 
and drugs (e.g., the salicylates). The naphthols are extensively used in 
dye manufacturing. Catechol and hydroquinone are photographic 
developera At the present time most of the phenol produced is con- 
sinned in the manufacture of synthetic redns. Bakelite, an important 
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example, is prepared from phenol and formaldehyde in the presence of a 
trace of ammonia. The reaction proceeds by addition of phenol to 
formaldehyde and loss of water between the product and another simi- 
lar molecule. It can be illustrated as follows: 


OH 

/\ H 

+ )C=0 

V « 

OH OH 

(^CHgOH /ScHaOH 
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OH 

i^CHsOH 


V 

OH OH 

/ScH2(f^CH20H 


V 


+ H2O 


V V 


At the same time, reaction occurs in the positions para to the hydroxyl 
group. This leads to the following type of linkage in the final product. 

OH OH OH 

---■f;^CH2-/VcH2-,fVcH2 


V 

CH2 


OH 
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CH2 
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-CH2-l!^CH2-i;^CH2- 


OH 


OH 


Bakelite is thus a cross linked, condensation polymer. 


PROBLEMS 

1. Give equations for the conversion of toluene to: (a) p-cresol, (6) p-Ksresyl 
acetate, (c) 2-hydroxy“5-metliylbenzaldehyde, (d) ethyl p-cresyl ether, (e) 2- 
hydroxy-5-methylbenzoic acid. 

2. Suggest a method for obtaining salicylaldehyde (prepared by the Reimer 
Tiemann method) entirely free from phenol 


SUGGESTED READING 

“New Synthetic Phenol Plant/^ Ini. Eng. Chem., News Ea., 18, 921 (1940). 



CHAPTER XIII 


OPTICAL ISOMERISM 

It has been mentioned earlier that lactic acid and certain other 
hydroxy acids exist in isomeric forms. The fundamental difference 
between these isomers is in their behavior toward plane polarized light. 
It is therefore desirable to consider briefly the nature of plane polarized 
light. 

It is a familiar fact that light involves a wave motion. The different 
colors of light, for example, differ in wavelength. The waves which con- 
stitute a beam of ordinary light have all the possible planes of vibration. 
This fact can be made clear by reference to Fig. 3, which represents a 
beam of light traveling toward the eye. It contains waves vibrating 
in the plane A, others vibrating in the plane R, and still others vibrating 
in all the intermediate planes. 

B 

A 


Fig. 3. Fig. 4. Fig. 6. 

A lens made of certain materials, such as tourmaline or Polaroid, has the 
peculiar property of transmitting only those waves which have planes of 
vibration in a certain direction called the axis of the lens. Figure 4 
shows the effect of such a lens on ordinary light. If the lens is placed in 
the path of a beam of light with axis of the lens in the vertical position, 
only those waves which have vibrations in the vertical plane can pass 
through. The emergent light is plane polarized (Fig.. 5). It is pos- 
sible, then, to define plane polarized light as light in which all waves 
vibrate in parallel planes. 

The polarization of light can be proved by a simple experiment using 
two tourmahne lenses. If these are held between the eye and a light 
source in positions such that their axes are parallel, then all the light 
which passes through the first lens also passes through the second, and 
the latter appears completely transparent (Fig. 6). If one of the l^ses 
is rotated so that its axis is perpendicular to that of the other, then al]^ 
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the light transmitted by the first lens is absorbed by the second and the 
latter appears completely opaque (Fig. 7). 

The polarimeter is an instrument which is used in studying the effect 
of liquids or solutions on plane polarized light. In its simplest form it 
consists of a tube, with glass caps, placed 
between two tourmaline lenses. A light source 
is placed near one of the lenses, and this lens 
is held in a fixed position. It is called the 
polarizer, since it polarizes the light entering 
the tube. The lens at the other end of the piQ^ 5 , 7 ^ 

tube is mounted so that it can be rotated. 

It is called the analyzer, because it enables one to determine whether 
the plane of the polarized light is altered as the light passes through the 
tube. If the polarizer is arranged with its axis in the vertical position 
and the polarimeter tube is filled with water, ethyl alcohol, acetone, or 
ether, it is found that the maximum amount of light passes through the 
analyzer when its axis is also in the vertical position. This means that the 
liquids mentioned have no effect on plane polarized light. 

However, if the polarimeter tube contains the lactic acid obtained 
from muscle tissue, it is found that the maximum light transmisaon 

0 

Fig. 8. 

by the analyzer occurs when the latter is rotated to the right. This 
lactic acid must, therefore, rotate the plane of polarized light to the 
right. It is called dextro-rotatory lactic acid. If the tube is now filled 
with lactic acid obtained by a special fermentation of sugar it will be 
found to rotate the plane of the light to the left. This lactic acid is called 
levo-rotatory lactic acid. If the two samples are of the same degree of 
purity and if the amoimt of rotation by each is measured carefully, it 
will be found that the number of degrees of rotation to the right effected 
by the first lactic acid is exactly the same as the rotation to the left caused 
by the second. Figure 8 shows the results of the above experiment. The 
dotted line represents the plane of the polarized light entering the 
liquid and the solid line shows the plane of the light as it leaves the 
sample. 

If a sample of lactic add prepared by a laboratory syntheds is exam- 
ined in the polarimeter it is found to have no effect on plane polarized 
light. This lactic add is said to be optically inactive^ in contrast to those 
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mentioned above which are said to be optically active, A careful exam- 
ination of the properties of the two active acids shows them to be iden- 
tical in all physical properties, such as melting point, boiling point, 
solubility, density, with the single exception of their effect on polarized 
light. They also have identical chemical properties. It follows, then, 
that they have the same structure and that they are equally correctly 
represented by the formula CH3CHCO2H. However, since there are 

OH 

two of them, this structure must be capable of existing in two forms. 

By the use of tetrahedral atomic models it is indeed found that two 

* 

models corresponding to the formula CH3CHCO2H can be constructed. 

OH 

These are shown in Fig. 9. The tetrahedron represents the carbon atom 



Fig. 9. 


marked by an asterisk in the formula just given. These two models 
bear the same relationship to each other as do the right and left hands. 
One is the mirror image of the other, but they are not superimposable. 
They have the same structure, that is, each has a methyl group, a car- 
boxyl group, a hydroxyl group, and a hydrogen atom attached to a car- 
bon atom, but they differ in the order in which these groups are attached, 
just as the fingers of the left hand may be considered as attached in an 
order which is the reverse of that of the right hand. The models are 
said to differ in configuration. If one of them is taken to represent 
dextro-rotatory lactic acid, the other must represent levo-rotatory lactic 
acid. The two molecules are called enantiomorphs or optical antipodes. 

These models provide a satisfactory explanation for the existence of 
the two optically active lactic acids. The inactive lactic acid, usually 
called racemic lactic acid, has been found to consist of equal parts of the 
active acids. Racemic lactic acid is without optical activity because the 
two active forms exactly neutralize each other. 

Lactic acid contains one carbon atom which carries four different 
groups. Such an atom is said to be asymmetric. The investigation of a 
great many substances has shown that those which have one or more 
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asymmetric carbon atoms are invariably capable of existing in optically 
active forms. The number of possible optical isomers increases rapidly 
with the number of asymmetric atoms. It will be instructive to examine 
a few compounds which have more than one asymmetric atom. 

Two Unlike Asymmetric Carbon Atoms. Consider the structure 
* * 

CH3CHOHCHOHCO2H. The carbon atoms marked with asterisks 
/3 a ^ 

are asymmetric, and the substituents on the a-atom are not identical 
with those on the jS-atom. In constructing a model, it would be possible 
to select the a-atom in the d configuration and add the /3-atom in either 
the d or I form, or to start with the a-atom as I and add the j3-atom in 
either d or I configurations. This leads to four forms (Fig. 10). 

CO 2 H 

aCHOH d d I I 

^CHOH d' V d' V 

6h3 12 3 4 

Fig. 10. Two unlike asymmetric carbon atoms. 

Forms 2 and 3 will each be optically active since the two asymmetric 
carbon atoms are unlike and their rotations will not exactly neutralize 
each other. Forms 1 and 4 are enantiomorphs (mirror images) and will 
form a racemic modification. Forms 2 and 3 will form a second racemic 
modification. Form 1 is not an enantiomorph of 2 or 3, however. This 
is an extremely important consideration because optical isomers which 
are not enantiomorphs have different physical properties and hence can 
be separated by the usual methods such as crystallization. Optical 
isomers which are not mirror images are called diastereoisomers. If the 
compound in question were synthesized in the laboratory two products 
would be obtained. These are the two racemic mixtures (1,4 and 2,3). 
If the racemic modifications were resolved into the active components 
(p. 170) then four optically active forms would be obtained. 

From a similar examination of a compound with three unlike asym- 
metric carbon atoms it is seen that eight active forms are possible. An 


example is given in 

Fig,. 11. 
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Fig. 11. Three unlike asymmetric carbon atoms. 
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It will be noted that in this case four racemic modifications are possible 
(1,8; 2,7; 3,6; 4,5). A laboratory synthesis would yield these four 
racemic forms and separation of each would give the eight active forms. 

From the three examples considered it is evident that the addition of 
a new, different asymmetric carbon doubles the number of active forms. 
The number of active forms can be predicted from the equation below, 
in which n represents the number of unlike asymmetric carbon atoms. 

Number of active forms = 2^ 

Two Similar Asymmetric Carbon Atoms. Tartaric acid presents an 
interesting case, since it has two asymmetric carbon atoms which have 

identical groups attached. If the two pos- 
sibilities for each carbon atom are considered 
as was done above, the forms 1,2,3, and 4 
(Fig. 12) might be written. However, when 
it is remembered that the asymmetric carbon 
atoms are alike it will be seen that fonns 2 
and 3 are identical. Moreover, the form in 
which the two identical asymmetric atoms 
have opposite configurations will be optically inactive. The dextro- 
rotatory effect of the one atom will be exactly neutralized by the 
levo-rotatory effect of the other. This is not a racemic form since the 
neutralization is within the molecule, whereas in a racemic form neutral- 
ization occurs between molecules. The internally neutralized isomer is 
said to be a meso form. Thus there are three individual tartaric acids, 
dextro-rotatory tartaric, levo-rotatory tartaric, and meso-tartaric acids. 
Racemic tartaric acid is, of course, a mixture of the two active forms. 

Projection Formulas. It is possible to represent the various optical 
isomers with plane formulas by the aid of certain conventions. Con- 
sider the models of the two lactic acids (Fig. 13). If it is agreed that in 
writing plane formulas of the lactic acids the carboxyl group shall always 
be placed at the top of the formula and the methyl group at the bottom, 
then the difference between the two isomers can be shown by the for- 
mulas below the models. 

These plane formulas are called projection formulas; they may be 
regarded as the shadows cast by the three-dimensional models. With 
their aid it is possible to represent on paper even very complicated cases 
of optical isomerism. They must be used by the beginner with caution 
and with frequent reference to the three-dimensional models, however. 
For instance, a student occasionally inquires how the two projection 
fomiulas of the lactic adds can be different when he can make them coin- 
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CHOH 
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cide by folding the paper between them. If he keeps in mind the three- 
dimensional models just above the formulas, he will see that the two 
models do not coincide during this operation. 

It has been found that many of the derivatives of dextrchrotatory lactic 
acid are levo-rotatory. If the acid is dissolved in water and neutralized 
with a metallic hydroxide, for example, the rotation changes from a plus 
value to a minus value. If an equivalent amount of a mineral acid is 
now added to regenerate the acid the rotation changes in the reverse 



CO2H 

I 

HO— C— H 

ins 

dextro-rotatory 
Lactic acid 

Fig. 13. 

manner. It is desirable to have some notation to show that these levo- 
rotatory salts are related to the dextro-rotatory acid. This has been 
done by making dextro-rotatory glyceraldehyde the standard of reference. 
It was agreed that the dexiro configuration, for any carbon atom, shall 
be defined as that corresponding to the configuration of the asymmetric 
carbon atom in dextro-rotatory glyceraldehyde. An enantiomorph in 
which the asymmetric carbon atom has this configuration shall be con- 
sidered as a member of the dextro series, regardless of the direction of 
its rotation. When desired, the rotation is specified by including in the 
name a plus sign or a minus sign. Dextro-rotatory glyceraldehyde has 
been found to be related to levo-rotatory lactic acid. This lactic add is 
therefore written as d(— )lactic acid. Other examples of this very con- 
venient system are shown in the projection formulas and names below. 


/O 

OH CM)H OOH 

HCnb-H 

6 H 2 OH 6h 3 (bHa 

(i(+)Glyceraldehyde (J(-)Ijactic add 2(+}lAotiG add 


CO2H 
H— C— OH 

i'Ha 

levo-rotatory 
Lactic acid 
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C-ONa 

HO-C-H 


CHs 

Sodium i(—)lactate 


C-OH 

H 2 N-C-H 

CHs 
Z( 4-) Alanine 


In each case the letter indicates the absolute configuration of the asym- 
metric carbon atom and the sign indicates the direction of rotation of the 
compound. This notation has been extended to apply to compounds 
with many asymmetric carbon atoms (p. 187). Unfortunately, it has 
been adopted only recently, so that in the use of the chemical literature 
one must determine for each author whether the expression d isomer is 
Used to indicate absolute configuration or direction of rotation. 

Resolution of Racemic Modifications. There arc three general meth- 
ods of separating a racemic modification into its active components. 
They are the mechanical, the biological, and the chemical methods. 

Mechanical Resolution. Occasionally the two substances which con- 
stitute a racemic modification crystallize separately. If the two types of 
crystals can be distinguished from each other they can be separated with 
the aid of a magnifying glass. The first resolution was accomplished by 
Pasteur in this manner. The method has the disadvantage that it is 
rarely applicable, and when it can be used it is extremely tedious. 

Biological Resolution. If the racemic substance is acted upon by a 
bacterium, a yeast, or a mold, one of the active forms will be utilized 
more rapidly than the other. Often one form is completely unaffected. 
The difloiculties with this method are that it may not be easy to find the 
appropriate biological agent, the resolution may be incomplete, and at 
best only one of the two active forms can be obtained. 

Chemical Method. The most satisfactory method of resolution con- 
sists in treating the racemic compound with an optically active reagent. 
Two diastereoisomeric products are formed. These are separated and 
purified by recrystallization, and each is treated with a reagent which 
will regenerate the starting material. The resolution of lactic acid by 
the aid of I strychnine is an example. 

dl Lactic acid + I Strychnine 

— > I Strychnine d lactate + I Strychnine I lactate 


The two I strychnine lactates are not mirror images and they can be 
separated because of their different solubilities. Each salt is purified 
and treated with hydrochloric acid. 

I Strychnine d lactate + HCl —4 I Strychnine chloride + d lactic acid 
Z^trychnine I lactate + IICl —4 I Strychnine chloride + I lactic acid 
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Because naturally occurring compounds are nearly always produced 
in optically active forms, if optical activity is possible, a large number of 
active acids, bases, alcohols, etc., are available as resolving agents. 

The role of optically active compounds in physiological chemistry is 
of great interest. Not only do plants and animals usually synthesize 
compounds which have asymmetric carbon atoms as the individual active 
forms, but also often only one of the active forms is utilized in metabolic 
processes. The pronounced effect of many substances, such as vitamins 
and hormones, is often characteristic of only one of the optical isomers. 
Such differences in physiological effects can be explained on the assump- 
tion that the substances act on the body by combining with some 
optically active compound already present. In this way the ‘‘naturaF’ 
and “unnaturaF’ enantiomorphs would yield two diastereoisomers which 
would have different physical properties and hence different physiological 
effects. 

It is not nearly so easy to understand how optically active forms are 
synthesized in nature. An idea of the problem here can be gained from 

a consideration of the reduction of pyruvic acid (CHsC-^C-OH) to 
lactic acid. In Fig. 14 the ketone carbon atom is represented by the 
tetrahedron. 



Fig. 14. 


The two bonds a and b which connect the carbon and oxygen atoms are 
identical. If the reduction is carried out in the laboratory these two 
bonds are broken at exactly the same rate, and the product is racemic 
lactic acid. However, if the reaction occurs as part of a biological proc- 
ess, then it will take only one of the two possible courses and the product 
will be an active lactic acid. No completely satisfactory theory of the 
specificity of such reactions in nature has yet been advanced. 

The optical rotation of a natural substance is often of great value in 
identification and analytical work. In order to measure it accurately, 
very sensitive polarimeters have been devised. Because the actual 
rotation of a substance varies with the solvent, the concentration, the 
length of the column of substance through which the polarized light 
passes, the temperature, and the wavelength of light employed, the 
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results are usually calculated to ‘‘specific rotations’^ by the aid of one of 
the following formulas. 

For pure liquids [a]!) = — 

la 

^ . r lOOU 

For solutions [ajD = — 

Ic 

observed rotation at 25°. 

length of polarimeter tube expressed in decimeters, 
density. 

concentration (grams per 100 cc. of solution), 
specific rotation at 25° with respect to light of a sodium 
lamp (D line of sodium spectrum). 

When the second equation is used the solvent and concentration must 
be reported along with the calculated rotation. For example, the spe- 
cific rotation of Z(+)tartaric acid is recorded as “+11.98° in 20 per cent 
aqueous solution.” 

PROBLEMS 

1. Define and illustrate the following terms: (a) plane polarized light, (6) asym- 
metric carbon atom, (c) dextro-rotatory form, (d) configuration, (e) d configura- 
tion, (/) racemic form, (g) meso form, (h) cnantiomorphs, (i) diastereoisomers, 
ij) resolution. 

2. Predict the number of optically active fonns of: (o) a-amino-n-caproic acid, 
(b) 1,2-butanediol, (c) 2,3-butanediol, (d) a-amino-0-hydroxybutyric acid, (e) 
2,3,4-trimethylhexane. 


a = 
I - 
d = 


c = 
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AMINO ACIDS AND PROTEINS 


Compounds containing both a carboxyl group and an amino group 
are known as amino acids. They are usually classified as a-, jS-, 7 -, etc., 
amino acids, depending on the distance between the two functional 
groups. Each type has, in general, the properties of the amines as well 
as those of the acids. Each type also has certain special properties, 
depending on the influence of the two functional groups on each other. 
Only these special properties are discussed in this chapter. 

The behavior of the amino acids on heating closely parallels that of 
the hydroxy acids (p. 142). For example, a-amino acids lose water to 
form diketopiperazines, compounds which may be regarded as the nitro- 
gen analogs of the lactides (p. 142). 


RCH 

0=C CH-R 

ec-Amino acid 


R 


\ 


HN 


/ 


CH- 


V 




9 


\ 

/ 


NH + 2 H 2 O 
R 


Diketopiperazine 


In practice, the diketopiperazines are best obtained from esters of 
a-amino acids. 

/3-Amino acids decompose on heating to form ammonia and an un- 
saturated acid. The reaction resembles the dehydration of /3-hydroxy 
acids. 

RCHCHaC^H ^ RCH=CHc5h + NHa 

hi, o 

V RCH=CHC-0NH4 


y- and S-Amino acids lose water to form cyclic amides known as 
lactams. Their formation recalls the production of lactones from 
hydroxy adds (p. 144). 
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RCHCH 2 CH 2 C-OII 

NH 2 

Y-Amino acid 


✓o 

RCHCH2CH2CH2C-()H 

NH 2 

$-Aniino acid 


CH 2 CH 2 


► RCH OO + H 2 O 

\ / 

NH 

Y-Lactam 

CH 2 

/ \ 

CH 2 CH 2 

I I 

RCH C=0 + H 2 O 

\ / 

NH 

5-Lactam 


The Proteins 


The proteins are organic materials which are present in all living 
organisms. In the plants, only the seeds contain appreciable quantities of 
proteins. Animals, however, are constructed largely of proteins. Hair, 
nails, feathers, horns, hoofs, skin, muscles, tendons, and nerve tissues 
are essentially proteins. The albumen of egg-white, the casein of milk, 
and the hemoglobin of the blood are examples of individual proteins. 

The properties of proteins show them to be polymeric. The molecular 
weights have been estimated to vary from 17,500 for lactalbumin 
(from milk) to as high as 50,000,000 for the tobacco mosaic protein 
(p. 359). Knowledge of the structure of these extremely complex com- 
poimds has been gained largely by the study of their hydrolysis prod- 
ucts. All proteins are converted to mixtures of a-amino acids by hydrol- 
ysis. Examination of the hydrolysis products of a great variety of pro- 
teins has revealed the presence of only twenty-four different a-amino acids. 
Their names and formulas are given in Table XXIV. It is possible that 
other a-amino acids may also be involved in proteins. Several which do 
not appear in the table have been isolated from natural sources, but they 
have not been shown to occur generally as products of protein hydrolysis. 

The natural amino acids fall into three groups, the neutral amino 
acids, the acidic amino acids, and the basic amino acids (Groups I, II, 
and III of Table XXIV). Of the neutral compounds all but tryptophan 
possess one amino group for each carboxyl group. These compounds ac- 
tually have many of the properties of salts and are, perhaps, better repre- 
sented by the inner salt (“zwitterion’’) formula as follows: 

RCHOO- 

NH3 + 

Inner salt formula of an amino acid 
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Tryptophan, although it has two amino groups, is classed as a neutral 
amino acid because the secondary amino group is attached to two un- 
saturated carbon atoms and hence is practically neutral (compare with 
diphenylamine, p. 391). The members of the second class have two 
carboxyl groups for each amino group. Those of the last type have a 
preponderance of basic groups. 

It will be noted that each of the natural amino acids, except glycine, 
has at least one asymmetric carbon atom and is, therefore, capable of 
existing as optical isomers. Careful hydrolysis of proteins invariably 
yields optically active amino acids, never racemic modifications. It is a 
striking fact that the a-carbon atoms of all these active forms have the 
same (1) configuration (p. 166). 

When a protein is ingested it is hydrolyzed in the digestive tract to the 
component amino acids. It has been found that dietary protein can be 
replaced by mixtures of pure amino acids. Only nine of the twenty-four 
known amino acids are necessary to support growth in young animals. 
If any one of these nine is absent from the diet the animal fails to grow 
and may even die. These nine are called essential amino acids; they are 
marked vith asterisks in Table XXIV. The protein of an animal fed 
only the nine essential amino acids is found to contain many of the others. 
This means that the animal body is capable of synthesizing some of the 
amino acids and the nine essential ones are those which cannot be syn- 
thesized in the animal and so must be obtained from external sources, 
ultimately plants. Another curious fact is that some of the essential 
amino acids are utilized in either form {d or I configuration of the a-car- 
bon atom) but others must be supplied in the natural (1) configuration. 
This indicates that, in some cases, the animal can convert one optical 
isomer into its enantiomorph. 

Thyroxine occupies a unique place among amino acids. It is found 
only in the hydrolysis products of the hormone thyroglobulin, a protein 
produced by the thyroid gland. Hormones are substances secreted 
internally by the endocrine (ductless) glands and carried by the blood or 
lymph to other portions of the body, the functions or structures of which 
are thereby altered. The thyroid hormone is a protein in which thyrox- 
ine and a number of other amino acids are combined. The activity of 
the hormone is due to the thyroxine present in the protein. Thyroxine 
contains a high percentage of iodine, and in regions where the water is 
deficient in this element the diet of the inhabitants may be so low in 
iodine that insufficient thyroxine is produced by the thyroid gland. This 
leads to various disorders of which endemic goiter is the best known. 
Extracts of thyroid glands obtained from slaughtered cattle are used in 
treating such disorders, as is also pure synthetic thyroxine. 
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TABLE XXIV 
Natural Amino Acids 


Name 

Neutral amino acids 

Formula 

Glycine 

H2NCH2CO2H 

Alanine 

CH3CHCO2H 

NHz 

Valine * 

CH3CH-CHCO2H 

6h3 NH2 

Leucine * 

CH3CHCH2CHC02H 

CH3 NH2 

Norleucine 

CH3CH2CH2CH2CHC02H 

NH2 

Isoleucine * 

CH3CH2CH-CHC02H 
CH3 NH2 

Serine 

HOCH2CHC02H 

NH2 

Threonine 

CH 3 Cn-CHC 02 H 
< 1 )H NH2 

Cysteine 

HSCH2CHCO2H 

NH2 

S-CH2CHCO2H 

Cystine 

1 NH2 

S-CH2CHCO2H 

NH2 

Methionine * 

CH3SCH2CH2CHCO2H 

NH2 

CH2 CH2 

1 1 

Proline 

CH2 CHCO2H 

HOCH CH* 

Hydroxyproline 

in, (ijHCOjH 


* Bsaential amino acid (p. 176). 
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TABLE XXIV (Continued) 

Name Formula 

I Neutral amino adds (Continued) 


Phenylalanine 


^CH2CHC02H 

NH2 


Tyrosine 

Diiodotyrosine 

Thyroxine 

Tryptophan * 

II Acidic amino acids 
Aspartic acid 

Glutamic acid 

Hydroxyglutamic acid 

III Basic amino adds 
Lysine * 

Arginine 

Histidine * 



HQ2CCH2CHCO2H 

NH2 

HO2CCH2CH2CHCO2H 

NH2 

HO2CCH2CH-CHCO2H 
OH NH2 

H2NCH2CH2CH2CH2CHCO2H 

NH2 

^NH 

H2NC-NHCH2CH2CH2CHCO2H 

NH2 

CH==CCH2CHC02H 
Jj NH 


* Ensential ftmino acid (p. 175). 
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At the present time the structure of no protein has been completely 
elucidated. It is known that the proteins are built up of amino acid 
units joined together by amide linkages. Such amides are known as 
peptides. The general formulas of dipeptides, tripeptides, and polypep- 
tides are as follows: 


RCHC 



NHCHC-OH 


NH2 I 

/! I /! ^ / 

RCHcH-NHCH- C — 1-NHCHC-OH 

I I 

NHa ' 1 

0/ R 0\ R P 

RCHC ^NHCH- C ^NHCHC-OH 


NH2 ' 


Dipcptide 


Tripeptide 


Polypeptide 


The synthesis of peptides of known structure for comparison with the 
natural materials is a difficult task. Suppose, for example, it is desired 
to prepare a dipcptide from two different amino acids. The problem 
might be regarded as merely the synthesis of an amide from an acid and 
an amine, and it might be supposed that it is only necessary to convert 
one amino acid to the acyl chloride and cause it to react with the other. 
However, the chlorides of the amino acids are extremely unstable, inas- 
much as they contain two functional groups which readily react with 
/O 

each other (-C-C1 and -NH 2 ). It is therefore necessary to “protect” 
the amino group by converting it to a more stable derivative before pre- 
paring the acyl chloride. One of the best methods consists in treating 

the amino acid with benzyl chlorocarbonatc (C 6 H 5 CH 2 OC-CI, also 
called benzyl chloroformate) thereby converting the amino group to the 

carbobenzoxy derivative (-NHC-OCH 2 C 6 H 6 ). After the synthesis is 
complete the carbobenzoxy group is removed by catalytic reduction 

Pt 

(-NHC-OCH 2 C 6 H 5 + H 2 h -NH 2 + CO 2 + CHaCaHs). The use 

of this scheme in making a dipeptide is illustrated below. The benzyl 
chlorocarbonatc is prepared in the same way as ethyl chlorocarbonate 
(p. 124). 
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,0 

CeHsCHzOH + CIC-Cl f C0H5CH2OC-CI + HCl 

Benzyl alcohol Benzyl chlorocarbonate 

^ O O 

H2n6hC-OH + C6HsCH20(>C1 

O ^ 0 

► CcH5CH20C-Nh6h(> 0H + HCl 

0 ^ 0 

CgHsCHsOC-NHCHC^H + SOCI 2 

0 ^ 0 

¥ C 6 H 5 CH 2 OC-NHCHC-CI + SO 2 + HCl 

R' 

C6H5CH20C-NHCH~C-C1 + H 2 NCHC-OH 

H R' 

> CeHsCIIzOC^NUCHC-NHCHC^H + HCl 

H R^ 

C6H5CH20C-NHCHC-NHCHC~0H + H 2 

R Q R^ Q 

n2NCHC-NHCHC-0H + CeHsCHs + CO 2 

Dipcptide 

If a tripeptide were desired the last intermediate could be converted to 
the acid chloride and condensed with another molecule of amino acid. 
By this and amilar methods polypeptides of molecular weight above 
1000 have been prepared. These synthetic polypeptides have some of 
the properties of proteins, but the highest molecular weight so far at- 
tained is only a fraction of that of the smallest protein. 

The amphoteric character of most proteins results from the presence 
of both acidic and basic amino acid units in the protein molecule. A pro- 
tein composed exclusively of neutral amino acids would have but one 
free amino group and one free carboxylic group, at either end of the 
chain, and these could hardly be expected to exert an appreciable influ- 
ence on so large a molecule. However if units of acidic and basic amino 
acids are scattered at various points along the chain, then the molecule 
will have a number of free acid and basic groups and will be amphoteric. 
Some proteins have the power to react with more equivalents of base 
than of add, whereas others consume a larger amount of add than of 
base. Examination of the hydrolysis products of a protein of the former 
type reveals a preponderance of acidic amino acids as compared with the 
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basic amino acids, whereas the reverse is true of the hydrolyas products 
of proteins of the second group. 

The presence of charged groups at points along a protein chain also 
may have an important influence in causing the chains to associate. 
Some such association may account for the enormous molecular weights 
of certain proteins. For example, physical measurements which indi- 
cated the molecular weight of a sample of a protein (hemocyanin) to be 
6,740,000 gave values which were successively one-half, one-eighth, and 
one-sixteenth of this figure as the acidity of the solution was changed. 
By restoring the acidity to its original value the initial molecular weight 
was again indicated. With certain other proteins the apparent molec- 
ular weight has been found to be affected by the concentration of salt in 
the aqueous solution of the protein. 

It was mentioned above that ingested protein is hydrolyzed to the 
constituent amino acids during digestion. The hydrolysis is brought 
about by the proteolytic enzymes of the stomach and intestine. The 
individual amino acids pass through the intestinal wall into the blood 
stream, and some of them are combined in the various body proteins. If 
the foreign protein or its partial hydrolysis products, known as proteoses 
and peptones, find their way into the blood stream they act as violent 
poisons. Idiosyncrasies of individuals to certain foods are believed due 
to permeability of the intestinal wall to proteins of the food. The aller- 
gies, such as asthma and hay fever, arc ascribed to conditions in which 
foreign protein enters the body. The venoms of certain reptiles are 
proteins which are poisonous because they are injected into the blood 
stream without preliminary hydrolysis. Serum sickness is caused by 
traces of protein carried over from the animal from which the serum was 
taken. 

The above facts indicate that each protein has its own individuality; 
similar proteins taken from different species are not identical. This h^ 
been demonstrated chemically in the case of hemoglobins from various 
animals. By hydrolyzing weighed samples of proteins and analyzing 
the hydrolysate it is possible to determine quite accurately the amounts 
of some of the amino adds. From the analytical result the ratios of these 
amino acids in the protein can be calculated. When this was done with 
hemoglobin from the horse, the sheep, the cow, and the dog, it was found 
that arginine, histidine, and lysme were present in the ratio 12 to 32 to 36. 
However, the figure for cysteine was 2 for horse hemoglobin, 3 for sheep 
and cattle hemoglobins, and 4 for dog hemoglobin. This demonstrates a 
definite difference in the amino add make-up of the hemoglobin of either 
the horse or dog as compared to that of the cow and sheep. It is also 
possible that they differ in the order in which the aminn add units are 
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joined together, much as words differ in the order in which their letters 
are grouped. If this possibility is admitted there is no limit to the num- 
ber of proteins which may exist. 

It can be concluded that present knowledge of the structures of pro- 
teins indicates that they are polypeptides, but that much remains to be 
learned about the detailed arrangements within the giant molecules. 

Classification of Proteins. Proteins which give only a-amino acids 
upon hydrolysis are known as simple proteins. These are further classi- 
fied as albumins, globulins, glutelins, and others on the basis of their 
solubilities in various salt solutions and acidic or basic solutions. Con- 
jugated proteins yield on hydrolysis a-amino acids plus some other com- 
pound which may be a pigment (such as hemin from hemoglobin), a 
sugar, a derivative of phosphoric acid, or other substance. The products 
obtained from proteins by the action of heat and the chemical reagents 
mentioned in the next paragraph are known as derived proteins. 

Coagulation and Precipitation of Proteins. An important property of 
soluble proteins is their tendency to form insoluble precipitates, known 
as coagulated proteinSy under the influence of heat, ultraviolet light, or 
alcohol. The hardening of egg albumen and casein on heating are facts 
familiar to everyone. The mild action of acids or bases on proteins brings 
about a less profound change. The products are said to be denatured 
proteins; they do not dissolve in neutral solutions but are soluble in acids 
and bases. Certain heavy metal salts and tannic acid convert proteins 
into insoluble compounds. The poisonous nature of salts of mercury, 
lead, and silver has been attributed to the conversion of body proteins 
into insoluble compounds. In the preparation of leather, chromic salts 
and tannic acid are employed to change the protein of the skin into insol- 
uble materials. Formaldehyde converts soluble proteins into tough, 
hard, insoluble materials. Such products from casein and formaldehyde 
have long been used as substitutes for ivory, horn, and hard rubber, and 
for waterproofing of paper and textiles. In some countries artificial wool 
is prepared from casein and formaldehyde. It is possible to use other 
soluble proteins, such as that from soybean, in similar applications. 

Tests for Proteins. Many color reactions are characteristic of proteins 
and are used in testing for their presence. Biuret (p. 128) gives a violet 
color in the presence of dilute sodium hydroxide and a copper salt. Other 

^0 

substances containing two or more -O-NH links, notably the proteins, 

yield similar colors. The test is known as the biuret test but its widest 
application is in connection with proteins, as, for instance, in determin- 
ing when the hydrolysis of a protein has proceeded to a stage where only 
a-amino acids are present. Proteins which contain amino acid units 
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with aromatic groups give a yellow color with nitric acid. The coloring 
of the skin by nitric acid is familiar to every chemist. This test is known 
as the xanthoproteic test. Many proteins contain one or more of the 
sulfur-containing amino acids and hence give a black precipitate (lead 
sulfide) when heated with a solution of a lead salt. 

The most useful quantitative analyses in connection with proteins are 
the determination of total nitrogen, usually by the Kjoldahl method, 
and the determination of amino nitrogen in amino acid mixtures, such 
as protein hydrolysates, by the Van Slyke method. This consists in 
bringing the sample in contact with nitrous acid and measuring the vol- 
ume of nitrogen gas produced. The reaction is that of a primary amine 
with nitrous acid (p. 118), as shown by the following equation. 

RCHC-OH + HNO2 > RCHC-OH + N2 + H2O 

NH2 OH 

Amino acids are sometimes titrated after treatment with formaldehyde. 
The formaldehyde destroys the basicity of the amino group, so that the 
carboxyl group is easily titrated. The reaction may be that shown in 
the following equation. 

RCHC-OH + H2CO ► RCHC-OH + H2O 

NH2 N 

&-12 

The Synthesis of Amino Acids 

From the foregoing discussion it will be realized that great interest 
attaches to methods of synthesis of a-amino acids. A number of proc- 
esses have been developed, and only a few of them can be described here. 
One very useful method is the Strecker synthesis of an amino acid from 
an aldehyde with one less carbon atom. When an aldehyde is treated 
with ammonium cyanide it forms the cyanohydrin and ammonia. These 
react to give the amino nitrile, which is then hydrolyzed to the amino 
acid. The synthesis of dl alanine serves as an example. 

CHsCVH + NH4CN > CH3CCN + NHs 

(NH4CI + NaCN) 

Acetaldehyde A cyanohydrin 

► CHsCHCN + H2O 

NH2 

An aminonitrile 
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CHaCHCN + 2H2O + 2 HC 1 
NHz 


2CH3CHC-OH + Pb(OH)2 
NH2-HC1 


^0 

— y CH3CHC-OH + NH4CI 
NH 2 -HC 1 

(U Alanine hydrochloride 

— y 2CH3CHC-OII + PbCl2 + 2H2O 

NH2 
dl Alanine 


Another method involves the reaction of an a-bromo acid with am- 
monia. Sometimes the a-bromo acid can be obtained by direct bro- 
mination of the acid (Hell-Volhard-Zelinsky bromination, p. 236) as in 
the synthesis of dl leucine. The isocaproic acid required in this prep- 
aration is made from isoamyl alcohol (p. 54). The equations for the 
reactions are given below. 

CH3\ PBr CH3\ ^0 

CHCH2CH2C-OH -I- Br2 -y CHCH2CHC-OH -t- HBr 

CH3/ CH3/ 

Isocaproic acid o-Bromoisocaproic acid 

CH3\ 

CHCH2CHC-0H -I- 2NH3 
CH 3 / CH3V 

y CHCII2CHC-OH + NH4Br 

NH2 

Leucine 


If the acid used in the synthesis is prepared by the malonic ester 
method, the substituted malonic acid is sometimes brominated before 
decarboxylation. This is done in the synthesis of dl isoleucine, which 
is made from sec-butyl bromide by the following reactions. 


CH3CH2CHCH3 + 

I 

Br 

aeo-Butyl bromide 


r o o 

LC2H606CHC-0C2H5. 


Na+ 


Sodio malonic ester 

/CO2C2HS 

— y CH3CH2CHCH 
6 h 3 

Ethyl sec-butylmalooate 


/CO2C2H5 

CH3CH2CHCH 

x::02C2H., 


/CO2H 

CH3CH2CHCH 

CHa 

scc-Butylmalonic add 
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/CO2H 

CH3CH2CHCH + Br2 

6 h 3 


CO2H 

► CH3CH2CHCBr 

dH3C02H 

a-Bromo-aeo-butylmalonic acid 


CO2H 

CH3CH2CHCBr 

CH3CO2H 


CH3CH2CH-CHO-OH + 2NH3 
CHsBr 


heat 

> CH3CH2CH-CHC-OH + CO2 

CH3 Br 

a-Bromo-sec-butylacetic acid 


CH3CH2CH-CHC-OH + NH4Br 

CH3NH2 

dl Isoleucine 


When the malonic ester method is used it is also possible to aminate 
the bromomalonic acid prior to decarboxylation. One synthesis of 
dl methionine is run in this way. The desired malonic acid is made from 
malonic ester and ^-chloroethyl methyl sulfide prepared from ethylene 
chlorohydrin by the following scheme. 

CICH2CH2OH % CH3SCH2CH2OH ^2^ CH3SCH2CH2C1 

/3-Hydroxyethyl methyl jS-Cliloroethyl methyl 

sulfide sulfide 

The j 3 -chloroethyl methyl sulfide is condensed with malonic ester and the 
substituted malonic acid is obtained by hydrolysis. This is converted 
to the bromomalonic acid, then to the aminomalonic acid, and finally 
to dl methionine. The reactions are represented by the following scheme. 

sodio /CO2C2H5 

CH3SCH2CH2CI ► CH3SCH2CH2CH 

malonic ester \CO2C2H6 

hydrolysis /CO2H 

^ CH3SCH2CH2CH 

\CO2H 

CO2H CO2H 

^ CH3SCH2CH2(!::Br ^ CH3SCH2CH2CNH2 
CO2H CO2H 

heat 

— > CH3SCH2CH2CHCO2H 
]^H2 

dl Methionine 
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j8-Amino adds are most conveniently prepared by addition of ammonia 
to a, jS-unsaturated esters. This is an example of 1,4 addition (p. 26 ). 
The process is illustrated by the general equation below. 

RCH=CHC- 0 C 2 H 5 + NHs V RCHCH2C-OC2H6 

NH2 


The acid is obtained by hydrolysis of the ester. 

There are no general methods for the preparation of 7- and S-amino 
adds. "WTien the corresponding keto acids are available they can be 
converted to the amino acids by reduction of the phenylhydrazonea 
7-Aminovaleric acid is made from levulinie acid by this method. 


^0 

CH3C-CH2CH2C-OH 

Levulinie acid 


NNHC0H5 Q 

CH3CCH2CH2C-OH 
Phenylhydrazone 
of levulinie acid 


4[H] 

aluminum 


amalgam 


^0 

CH3CHCH2CH2CM)H 

NH2 


7 -Aminovaleric acid 


Aromatic amino acids having an amino group attached to the aromatic 
ring are often prepared by reduction of the nitro acids. The synthesis 
of p-aminobenzoic acid (p. 384 ) is an example. 


PROBLEMS 

1. Define and illustrate the following: (a) dipeptide, (h) polypeptide, (c) neu- 
tral amino acid, (d) basic amino acid, (e) simple protein, (/) derived protein, (g) 
essential amino acid. 

2. Give equations for the preparation of dl norleucine by means of (a) the 
Strecker synthesis, (6) the malonic ester synthesis, (c) another method. 

3. Write the formula of a neutral tripeptide, of a basic tripeptide, of an acidic 
tripeptide. Explain why soluble proteins are amphoteric. 
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CARBOHYDRATES 

Plants are composed largely of organic materials called carbohydrates. 
It has been mentioned that seeds of plants contain proteins and fats, 
sometimes in rather large amounts. The substances which constitute 
other parts of plants, the roots, stems, leaves, bark, etc., are almost 
wholly carbohydrate. The name derives from the formulas of the first 
of these materials to be examined, which could be written as C„iH2nO„ 
or Cm(H20)n and were therefore thought to be hydrates of carbon. This 
supposition proved to be false, for the compounds are not hydrates and 
many of them do not even correspond to these general formulas. The 
name carbohydrate has been retained, nevertheless; a modern definition 
is given later (p. 195). 

The carbohydrates are classified as monosaccharides, disaccharides, 
and polysaccharides. It is convenient to begin the discussion with the 
simplest members, the monosaccharides. 

Monosaccharides 

Glucose, also known as dextrose or corn sugar, is Jhe commonest of 
the monosaccharides. It has the formula CgHi 206. It is an optically 
active, neutral^ solid substance, extremely soluble in water. It is oxi- 
dized by copper or silver oxides (p.68) tp an acid of the formula C6H12O7. 
This shows* that glucose is an aldfehyae. When glucose is treated with 
acetic anhydride it yields an ester whose formula [C16H22O11 or 
CeH70(0C0CH3)5] shows it to be a pentaacetate. Thus glucose must 
be a pentahydroxyaldehyde. Since the substance is not easily dehy- 
drated no two of the hydroxyl groups can be attached to the same car- 
bon atom (p. 299), and it can be said that of the six carbon atoms in the 
molecule, one is part of a carbonyl (aldehyde) group and the other five 
each carry one hydroxyl group. The question remaining, then, is 
whether the six carbon atoms form a straight or branched chain. Since 
glucose is reduced by phosphorus and hydrogen iodide to a mixture of 
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straighi-ch^n iodohexanes, the carbon atoms must be in a straight 
chain. The formula of glucose can then be written as follows. 

^0 

1 C-H 

2 CHOH 

3 CHOH 

4 CHOU 

5 CHOH 

6 CHsOH 
Glucose 

In this formula there are four unlike asymmetric carbon atoms, so it 
should represent 2^ or 16 different optical isomers. These arc all known; 
they fall into eight pairs of enantiomorphs. The configuration of each 
carbon atom in glucose and its optical isomers is known. By the use 
of the conventions developed for representing optically isomeric sub- 
stances with projection formulas (p. 168), it is possible to show the 
differences between these isomers, and this is done below (Fig. 15). It 
will be recalled that the configuration of an asymmetric carbon atom is 
assigned on the basis of its relationship to the asymmetric carbon atom 
in (i!(+)glycerose, and not on the basis of the rotation of the compound 
in question (p. 169). In order to have a system of naming enantiomor- 
phic pairs in the sugar series it has been agreed that the asymmetric 
carbon atom nearest the primary hydroxyl group, that is, carbon atom 
number 5 in the usual scheme of numbering the atoms in the carbon 
chains of the sugars, shall be taken as the point of reference. Of each 
pair of enantiomorphs, that one in which carbon atom number 5 has 
the same configuration as the asymmetric atom of d(+) glycerose shall be 
referred to as the d isomer, regardless of its optical rotation. This system 
is illustrated in Fig. 15. The formulas of only the d compounds are 
given. The projection formula of any of the I isomers can be written by 
reversing the positions of the hydrogen atom and the hydroxyl group on 
each asymmetric carbon atom of the corresponding d isomer. 

The six-carbon atom monosaccharides are called hexoses. Mono- 
saccharides containing the aldehyde group are known as aldoses. It is 
convenient to combine the two names and to designate glucose and its 
optical isomers as the aldohexoses. 

As indicated in Fig. 15, the correct designation of ordinary glucose 
is d(+)glucose. Since Z(~)glucose does not occur in natural products 
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many writers use only the word glucose for the ordinary material. 
Others employ the terms d glucose and Z)-glucose. In the sequel the 
letters d and I will be used to denote configuration only; when it is 
desired to indicate direction of rotation, the plus or minus sign will be 
used. 

The fact that reactions of d(+)glucose often lead to mixtures of two 
isomeric products may well have been distressing to early carbohydrate 


/V 

OH 

C-H 

C-H 

C-H 

•vh(!;oh 

i-HOCH 

VHCOH 

HOCH 

HOCH 

-HOCH 

+ HCOH 

1 

tHCOH 

t HCOH 

VHCOH 

+ HCOH 

t HCOH 

^ HCOH 

V HCOH 

^HCOH 

1 

tHCOH 

CH2OH 

CH2OH 

CH2OH 

CH2OH 

d(+) 

d(+) 

d(+) 

d(+) 

Glucose 

Mannose 

Allose 

Altrose 

^0 

^0 


/O 

C-H 

C-H^ 

C-H 

OH 

t* HCOH 

HOCH 

HCOH 

HOCH 

HOCH 

HOCH 

HCOH 

HCOH 

HOCH 

HOCH 

HOCH 

HOCH 

HCOH 

HCOH 

HCOH 

HCOH 

6H2OH 

CH2OH 

CH2OH 

CH2OH 

d{+) 

d(+) 

d(-) 

d(-) 

Galactose 

Talose 

Gulose 

Idose 


Fig. 15. The d aldohexoses. 


chemists. However, when the spontaneous reaction of an alcohol with 
an aldehyde (p. 68) is recalled, the reason becomes clear. d(+)Glu- 
cose contains an aldehyde group and several hydroxyl groups, so it 
mij^t be expected to form a cyclic hemiacetal (sometimes called a 
lactol) containing either a five- or six-membered ring. It has been shown 
that in most cyclic d(-l-)glucose derivatives the ring has sue members. 
When ring formation occurs, the carbonyl carbon atom changes to the 
asymmetric hemiacetal carbon atom. This new asymmetric carbon 
atom may take either the dor I configuration, so there must be two dias- 
tereoisomeric hemiacdal (lactot) forms of d(+)gluco8e. The three forms 
of d(+)glucose can then be represented as follows. 
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CH2OH 

H 

C H 

i\OH 

10^6 


H C 
V / 1 
.^/OH 


a-d(+)GIuoose 
{a-d{ +)Glucopyranose) 


ClIzOH 
C 01 


CH2OH 
6 — 


^\0H 

\l 


/ 


/3-ei( -f-)Glucose 
(fi-d ( + ) Glucopyranose) 


Yv OH 
HO^A 


Aldehyde form 
d(-j-)Glucose 

In some cyclic derivatives of sugars five-membered rings are present. 
It is therefore desirable to have a method of indicating, in the name, 
whether a cyclic sugar contains a five- or six-membered ring. This is 
done by naming those with five-membered rings as furanoses and those 
with six-membered rings as pyranoses. Examples of this system of 
naming are used above in parentheses. The names are derived from 
furan and pyran, cyclic compounds of five- and six-membered rings, 
respectively, each including one oxygen atom. 

CH2 

/ \ 

HC CH HC CH 


HC CH 

\ / 

0 

Furan 


HC CH 

\ / 

0 

Pyran 


Since hemiacetal formation is reversible it is to be predicted that a 
solution of d(+)glucose contains all three forms. Reagents wMch 
convert glucose to two isomeric products are those which attack the 
hemiacetal forms, whereas a substance which reacts with the open 
chain form yields a single product. 

The equilibrium between the three forms also accounts for the mviaro- 
taiion of d(+)gluco8e. Two pure crystalline forms of d(+)glucose 
have been isolated. One of them has a specific rotation of +113.4° in 
a freshly prepared solution, but as the solution stands, the rotation 
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drops until it becomes constant at +52.2°. The other form shows an 
initial specific rotation of +19°, but this value slowly increases and 
becomes constant at +52.2°. The isomer of initial rotation +113.4° is 
a-d(+)glucose; in solution it changes to the open chain form and this 
changes to both the a and )3 forms. When equilibrium between the three 
forms is established the rotation is +52.2°. The same equilibrium is 
established when pure ^-d(+)glucose (rotation +19°) is dissolved. 

It is a singular fact that the pure aldehyde form of d(+)glucose has 
not been isolated. It is believed that only traces of it exist in solution in 
equilibrium with the cyclic forms and that the glucose of commerce 
(com sugar) is a mixture of approximately the same composition as the 
equilibrium mixture. This view is not in contradiction with the fact 
that d(+)glucose behaves as an aldehyde toward certain reagents. As 
the reagent combines with the trace of aldehyde form present, more of the 
latter is produced from the cyclic forms until eventually all of the d(+)- 
glucose has been consumed. 

Fructose. Fructose, also called levulose or fruit sugar, is widely dis- 
tributed in nature. It is levo-rotatory, hence the name levulose; the 
specific rotation is —93°. Fructose has the same molecular formula 
(C6 Hj 206) as the aldohexoses. By methods similar to those used in the 
study of the structure of d(+)glucose it has been found that fructose is a 
pentahydroxy ketone (a ketohexose). The ketone group has been 
located at the position second from the end of the chain, and it has been 
found that each asymmetric carbon atom in fmetose has the same con- 
figuration as the corresponding one in d(+)glucose. The projection 
formula of fructose can then be written as follows: 

CII 2 OH 

C=0 

HOCH 

HCOH 

HCOH 

CH 2 OH 
d(— )Fructose 

From the relationship to d(+)glucose it is evident that ordinary fruc- 
tose is a member of the d series and is correctly designated as d(— )- 
fructose. 

Although the simple ketones do not react with alcohols (p. 78), this 
reaction does occur with hydroxy ketones when the two functional groups 
are so situated that a five- or six-membered ring may be formed. It 
would be predicted, therefore, that d(— )fructose should exhibit the 
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phenomenon of mutarotation, and this is found to be true. The a and 
forms which have been isolated are pyranoses, but in its most impor- 
tant derivative d( — )fructose exists in a furanose form. The five forms of 
d fructose are, then, the following: 


HOCH 2 ^0. 


CH2OH 


9Ch HO/? 

c'^OH 

I t 

OH H 

a-d-Fructofuranose 


H 

I 


H °\ CHsOH 

/h \l 


\ / 


T\ H HO /I 

H0\ (jj/r 

OH H 


:c 

OH 


o-d-Fructopyranose 


CH2OH 

fo 

HOCH 

HCOH 

HCOH 

CH2OH 


/ 

HOCH^O^ OH 

?\H HO /? 

H CH 2 OH 

OH H 



H 

1 


H/?- 

~\0H 

V 

?\H 

H0\_ 

HO /I 

_y CH 2 OH 

OH 

t 

H 


/5-d-Fructofuranose 


p-d-Fructopyranose 


The Aldopentoses. The aldopentoses have one less )>CHOH group 
<han have aldohexoses. The number of asymmetric carbons is three 
and, consequently, there should be four pairs of optical antipodes. 
These are all known and are shown in Fig. 16. The formulas of only 
the d forms are given. 


CHO 

HCOH 

HCOH 

HCOH 

CH2OH 
d(— )Ribose 


CHO 

HOCH 

HCOH 

HCOH 

CH2OH 


CHO 

HOCH 

HOCH 

HCOH 

CH2OH 


CHO 

HCOH 

HOCH 

HCOH 

CH2OH 

d(+)Xylo8e 


d(— )Arabino8e d(— )Lyxose 

Fig. 16. The aldopentoses. 
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Reactions of the Monosaccharides 

The Benedict Test. All the monosaccharides are mild reducing 
agents and all give positive tests with Benedict’s or Fehling’s solution 
(p. 68). It is not surprising that the aldoses respond to mild oxidizing 
agents, ance the test is characteristic of aldehydes. The oxidation of a 
ketose by these reagents must, however, involve a reaction of a some- 
what different type. Actually, it has been found that a-hydroxy ketones 
in which the alcohol group is primary or secondary are oxidized to keto 
aldehydes or diketones under very mild conditions (-CH-C- + [0] 

I II 

OH O 

— ♦ -C-C-). All ketoses are capable of this type of oxidation. 

66 

Sugars which reduce Fehling’s or Benedict’s solutions are known as 
reducing sugars. This class includes all the monosaccharides and most of 
the common disaccharides (p. 195). Reducing sugars are sometimes 
determined quantitatively by these reagents. In the quantitative pro- 
cedure the cuprous oxide is separated, dried, and weighed. 

Formation of Osazones. All reducing sugars react with phenylhydra- 
zine to give products known as osazones. The reaction proceeds in three 
steps. In the first, the aldehyde or ketone group of the sugar reacts in 
the normal fashion to give a phenylhydrazone. The phenylhydrazone 
then reduces a second molecule of phenylhydrazine (to aniline and 
ammonia) with the formation of a new carbonyl group in the phenyl- 
hydrazone molecule. In the last step the newly formed carbonyl group 
reacts to give a second phenylhydrazone linkage. The product is the 
osazone, which is usually insoluble in water and crystallizes from the hot 
reaction mixture. Osazone formation is illustrated by the accompanjdng 
equations for the reactions of d(+)glucoso and d(— )fructose with 
phenylhydrazine. The osazones are of great value in the laboratory 
study of carbohydrates for several reasons. Because of their low solu- 
bility they are usually easily isolated and purified, whereas many of the 
sugars are extremely soluble in water and crystallize with great diffi- 
culty. Different sugars are converted to osazones at different rates, and 
different osazones crystallize in definite, characteristic patterns. Con- 
sequently, it is often possible to identify a sugar by converting it to the 
osazone, noting the time required for the reaction, and observing the 
melting point and crystal form of the product. Hydrolysis of osazones 
yields dicarbonyl compounds known as osones. 
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H H H 


c=o 

1 

(p=NNHC6H:6 

C^NNHCeHs 

HCOH 

HCOH 

^^0 

OJItNENH, 

hoch 

A 1 

HCOH 

1 

^ HCOH 

1 

HCOH 

1 

HCOH 

HCOH 

HCOH 

CH 2 OH 

(!:h20H 

CH 2 OH 

d Glucose 

d Glucose 
phenylhydrazone 

C-NNHCeHs 
^ C^NNHCoHs 
HO^H 
^HCOH 

^ CH2OH 

jj' d Glucosazone 


CH2OH CH2OH C =0 

i=0 dj-NNHCeHs C^NNHCeHs 

hoch c,h.nhnh. hoch HO(fH 

HCOH *■ HCOH > HCOH 

HCOH HCOH HCOH 

CH2OH CH2OH CH2OH 


d Fructose 


d Fructose 
phenylhydrazone 


The fact that dextro-rotatory glucose and levo-rotatory fructose are 
converted to the same osazone (see equations) is of unusual interest. 
Once the configuration of the asymmetric carbon atoms in d glucose had 
been established, this single observation was sufficient to show that the 
three asymmetric atoms in d fructose have the same configurations as the 
corresponding three in d glucose. If this were not true, then two diaster- 
eoisomeric osazones would be produced. From the same reasoning, it 
can be seen that once it is known that d glucose is a member of the d 
series, then ordinary fructose must be d fructose. 

A similar relationship obtains between ribose and arabinose; their 
osazones are identical. Lyxose and xylose also yield osazones that are 
the same. 

Ascorbic Acid. One of the most important derivatives of xylose is 
ascorbic acid or vitamin C. A deficiency of this substance in the diet 
causes scurvy. The vitamin occurs in fruits and vegetables, notably in 
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citrus fruits, tomatoes, and fresh peppers. It has been sjmthesized from 
I xylose by the following sequence of transformations. 


CHO 

HOCH 

HCOH ► 

HOCH 

CH2OH 
I Xylose 


HC=NNHC6H5 

C=NNHC6H5 

HCOH 

HOCH 

CH2OH 
I Xylosazone 


H2O 


HC=0 

c=o 

HCOH 

ho6h 

CH2OH 
I Xylose osone 


HCN 


CN 

6hoh 

6=0 

h6oh 

ho6h 

6H20H 



C02H 

CHOH 

6=0 

HCOH 

HOCH 

6H2OH 


HO OH 
OH 

•2^ HOCH2-C— CH C=0 

H \ / 

O 

Ascorbic acid 


HO OH 

I I 

Ascorbic acid is the enol form of a keto lactone. The group ~-C=C- is 
known as the enediol group. The acidity of the compound is due to the 
hydroxyl group in the beta position. 

Glycosides. Reduction and osazone formation arc reactions of the 
carbonyl forms of the monosacchaiides. The most important derivatives 
of the cyclic hemiacetal or lactol forms are the acetals. In this connec- 
tion it should be recalled that simple hemiacetals react with alcohols to 
give acetals (p. 70). The hemiacetal forms of the sugars react in the 
same way, yielding acetals which are known by the class name of 
glycoside. Particular compounds of this tjrpe are named after the sugars 
from which they are derived. Thus glycosides obtained from glucose are 
glucosides, and those from fructose are fructosides. If it is desired to 
make the names still more specific, to show the size of the rings, this is 
done by incorporating the stems furan and pyran (p. 189) in the names. 

Examples of glycosides are the two methyl glucosides obtained from 
d glucose and methyl alcohol in the presence of an acid catalyst. Theii 
formulas are given below. 


CH2OH 
C O 

H(X X)CH3 

i 6 h 

o-Methyl d glucosLde 
(cr-methyl d glucopyranoside) 


CH2OH 
C O 



\ /OCH3 


¥/ ^H 

C 

—6 

1 

H 

OH 


jS-Methyl d glucoside 
0?-methyl d glucopyranoside) 
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The chemical properties of the glycosides are widely different from 
those of the simple sugars. Because hemiacetal formation is readily 
reversible the monosaccharides have the properties of aldehydes or 
ketones, and, as already seen, mutarotation, reducing properties, and 
osazone formation all depend on the spontaneous change of hemiacetval 
forms of sugars to the carbonyl forms. Acetal formation, however, is 
not spontaneously reversible. Only on heating with water and acid do 
the acetals regenerate the parent aldehyde and alcohol. In consequence, 
the glycosides are quite stable substances. They do not exhibit mu- 
tarotation, nor do they react with phenylhydrazine or mild oxidizing 
agents. This is an important consideration, because the more complex 
sugars, the disaccharides and polysaccharides, are glycosides derived 
from two or more molecules of monosaccharide. 

Classification md Definitions. From what has been said of glucose 
and fructose, it is seen that the monosaccharides are polyhydroxy alde- 
hydes or ketones. Other carbohydrates can be hydrolyzed to monosac- 
charides in the presence of acids. It is possible to define carbohydrates 
as those substances which are polyhydroxy aldehydes or ket 6 nes or which 
upon hydrolysis yield only polyhydroxy aldehydes or ketones. Accord- 
ing to this definition a glycoside involving one molecule of monosaccha- 
ride and one molecule of a non-sugar, such as os-methyl d glucoside, is to 
be regarded as a carbohydrate derivative. 

The Disaccharides 

The disaccharides have compositions which indicate that they are 
formed from two molecules of monosaccharide by elimination of one 
molecule of water. Under the infiuence of acids or digestive enzymes 
they take up one molecule of water and yield two molecules of mono- 
saccharide. The common disaccharides are derived from the hexoses 
and so have the formula C12H22O11. The two molecules of monosac- 
charide formed by hydrolysis may be alike or different. Thus maltose 
yields a single monosaccharide, while lactose and sucrose yield mixtures. 

Maltose + H2O — > d Glucose + d Glucose 
Lactose + H2O —4 d Glucose + d Galactose 
Sucrose + H2O > d Glucose + d Fructose 

The Structure of Maltose. Maltose, which yields two molecules of d 
glucose upon add hydrolysis, is a reducing sugar. It exhibits the phe- 
nomenon of mutarotation and it can be converted to an osazone. Analy- 
sis of the osazone shows that only one of the two glucose units present is 
involved in osazone formation. These facts indicate that the two mono- 
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saccharide units are linked in such a way that the hemiacetal group of one 
is converted to an acetal linkage^ but the hemiacetal group of the other 
vermins unchanged. In other words, maltose must be a glycoside derived 
from two molecules of glucose, one acting as a hemiacetal, the other as an 
alcohol. It has been found that the glucose unit fixed as the glucoside 
is an ord glucose residue and that it is connected to the second d glucose 
molecule through the hydroxyl group of the fourth carbon atom of the 
latter. The formulas of a-maltose and ^maltose are the following: 


CH2OH 
C O 


/k 


C— 

I 

H 


\ /H 
C 


-C 

OH 


-0 


CH2OH 
C O 

Hx \ /H 

C C 

I I 

H OH 


a-Glucose unit 


a-GIucose unit 


a-Maltose 


CH2OH 


Hv 


yk 


HQ/ \ 


-O 
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OH 
• 6 - 
H 
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\ /H 
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CH2OH 

I 

c- 
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OH 


6h 


C 

I 

H 


-0 


\ /OH 

TT ^ 

-c 

I 


OH 

^-Glucose unit 


/3-Maltose 


Lactose, or milk sugar, is also a reducing disaccharidc. It undergoes 
mutarotation and forms an osazone. It must, then, have a structure 
similar to that of maltose except that the monosaccharides concerned 
are galactose (p. 188) and glucose. It has been found to differ from 
maltose only in that it is a /3«galactoside rather than an a-glucoside 
The formulas of a- and /3-lactoses are as follows: 


CH2OH 
C O 




H-' 


k 

6h 


/3-Galaoto6e unit 


CH2OH 

b 0 


YxOH 

\ 

i ^ 

k 

KJ 

6b. 


a-Glucose unit 


a-Lactose 
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HOs 


CH2OH 

I 

C 


c 




w \ 


OH 




-0 

\l — 
TT C 

-C 

I 


-o- 


H OH 

^-Galactose unit 


/3-Lactose 


CH2OH 

b 0 

— H/ 

c c 

k (!)h 

^-Glucose unit 


Sucrose. Maltose and lactose, having reducing properties, are known 
as reducing disaccharides. The only important member of the other pos- 
sible class, the non-reducing disaccharides, is sucrose^ or the ordinary 
sugar obtained from the sugar cane and the sugar beet. Sucrose 3delds 
one molecule each of d glucose and d fructose upon hydrolysis in the 
presence of acids. Since sucrose is not oxidized by Benedict’s reagent, 
does not mutarotate, and does not form an osazone, the two mono- 
saccharide units must be combined in such a way that neither residue 
retains a hcmiacetal linkage. It must he at once a glucoside and afncctih 
side. It has been found that the glucose residue is present as an a-gluco- 
side and that the fructose is combined as a / 5 -fructofuranoside (p. 189 ). 
Its formula is the following: 

CH2OH 
C 0 

Hx \ /H 

A OH H / 


i I I 

OH H 

iS-Fructose unit 

Sucrose 


\i 

C- 
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1/ 

-c 
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H OH 
a-Glucose unit 


o- 


HOCH2 
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^0- 


/H 


H 


j/ XJH2OH 


Sucrose is dextro-rotatory ([aJo = 66.4®). On hydrolj^ it yields 
equal amounts of dextro-rotatory glucose (Wd = + 52.2®) and levo- 
rotatory fructose ([ 0)0 = — 93®). When hydrolysis is complete the solu- 
tion is levo-rotatory, the rotation being the algebraic sum of the rotar 
tions of the two monosaccharides ([ajp = —40.8®). Because of the 
change in sign the process is called inversion, and a mixture of equal parts 
of glucose and fructose prepared in this way is known as invert sugar 
Honey is largely invert sugar. 
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Polysaccharides 


Starch. The cereal grains arc composed essentially of starch. Cer- 
tain roots also contain high percentages of starch; the potato contains 
about 18 per cent of this component. The granules of starch produced 
by different plants vary in size and shape, so it is possible to determine 
the source of a sample of starch by examination under a microscope. In 
their chemical properties the starches from different sources are identical. 

The analysis of starch shows tliat it has the composition (CeHioOs),!. 
Hydrolysis by enzymes or acids converts starch into d glucose, so it is 
evident that the unit CeHioOs is a d glucose residue. Maltose is among 
the products of incomplete hydrolysis, indicating that the glucose units 
are linked together in the a-glucoside form. From these and other obser- 
vations of the chemical behavior of starch the following structure has 
been deduced. 


CH 2 OH 



Until recently it was believed that the starch molecule consisted of 24 
to 30 a-glucose units joined together as shown in the above formula 
(n == 22 to 28). However, it is now becoming evident that the rnokjcule 
is much larger. It appears that the chains of about 25 glucose residues 
are united by a linkage different from that which joins the glucose units 
in the chains. The number of chains composing the starch molecule is 
unknown, but it is likely that the molecule contains several hundred 
glucose units rather than about twenty-five. 

Because of its high molecular weight starch does not give a true solu- 
tion in water. However, it does give colloidal dispersions, ranging from 
jellies to mobile liquids as the concentration of starch is diminished. 
These “solutions'' of starch do not respond to the Benedict or Fehling 
test. This indicates that the chains of glucose units are combined in the 
starch molecule in such a way that the hemiacetal group at the end of 
each chain is involved. 

Partial hydrolysis of starch converts it into smaller molecules known as 
dextrins. Dextrins are also obtained by heating starch to 200-250®; the 
gloss of starched cloth is due to the formation of dextrins when the cloth 
is ironed. Dextrins are used in the preparation of mucilages. 
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Continued hydrolysis converts starch into maltose and finally into 
glucose. Under the influence of the enzyme diastase, obtained from 
sprouted barley, the hydrolysis product is maltose. The commercial 
hydrolysis of starch is usually carried out in the presence of very dilute 
hydrochloric acid. After hydrolysis has proceeded to the desired stage 
the acid is neutralized and the solution is evaporated to give a thick 
syrup which contains dextrins, maltose, and glucose. This syrup, usu- 
ally known as “com syrup’’ since the starch is obtained from corn, is 
widely used as a sweetening agent. Pure d glucose is also prepared com- 
mercially by the complete hydrolysis of starch. 

A deep blue color is produced when iodine is added to a solution of 
starch. This is the basis of a very sensitive test for cither starch or 
iodine. With dextrins the result may be a color ranging from violet to 
red or no color at all, depending upon the degree of degradation. Maltose 
and glucose do not give colors. 

The normal human diet contains more of carbohydrate than of fat and 
protein combined, and the greater part of the carbohydrate is starch. 
Digestion of starch consists in its hydrolysis to glucose. The saliva con- 
tains the enzymes ptyalin, which catalyzes the hydrolysis of starch to 
maltose, and maltase, which converts maltose to glucose. The gastric 
juice contains no starch-splitting enzyme, but digestion of carbohydrate 
in the stomach continues under the influence of the salivary enzymes. 
Several amylases (the general name for starch-splitting enzymes) and 
maltases are present in the pancreatic and intestinal juices, as are also 
certain enzymes which bring about the hydrolysis of disaccharides such 
as sucrose and lactose. Thus practically all the starch and sugar in- 
gested is converted to monosaccharides. These are absorbed through 
the intestinal wall and are carried to the liver by the blood stream. In 
the liver glucose is recombined to form glycogen, a polysaccharide very 
similar to ordinary starch but apparently of lower molecular weight. 
Hydrolysis of glycogen converts it wholly to glucose. However, the 
liver produces it from all the hexoses normally liberated in the small 
intestine (glucose, fructose, and galactose). The glycogen stored in the 
liver is a reserve supply of carbohydrate for the body. When sugar is 
required by other parts of the body, liver glycogen is hydrolyzed to 
glucose, and the latter is discharged into the blood stream. The muscles 
remove glucose from the blood and convert it to muscle glycogen. The 
energy required for muscular work is obtained by a complex process 
involving the indirect oxidation of glycogen. Also, the energy required 
for maintenance of body temperature is obtained in part from the oxidar 
tion of glycogen. 
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Cellulose. Cellulose, which constitutes the greater portion of plants^ 
is a polysaccharide which can be represented by the formula (C6Hio05)n. 
This is identical with the empirical formula of starch, and cellulose, like 
starch, is converted to d glucose by hydrolysis in the presence of acids. 
However, there are two important differences in the structures of the two 
polysaccharides. In the first place, the monosaccharide unit of cellulose 
is jS-glucose, rather than a-glucose as in starch. Secondly, the molecular 
weight of cellulose is much greater than that of starch. It appears that 
several thousand jS-glucose units are involved in the giant molecule. 



Hydrolysis of cellulose under severe conditions and in the presence of 
acids produces glucose, as mentioned above. If the hydrolysis is incom- 
plete the reaction mixture is found to contain cellobiose, a disaccharide 
which differs from maltose only in that it is a / 3 -glucosido-glucose. In 
the condensed formula for a cellulose chain given above the unit en- 
closed by the brackets is a cellobiose residue. The human digestive sys- 
tem provides no enzymes capable of splitting cellulose, but certain ani- 
mals are able to utilize part of the ingested cellulose. 

Natural cotton is one of the purest forms of cellulose. The fibers of 
raw cotton are covered with a waxy substance which acts as a sizing, 
making the fibers waterproof. Absorbent cotton is made by extracting 
the natural sizing with organic solvents. Linen, made from flax, is also 
essentially cellulose; it is not so pure as cotton. 

Wood contains cellulose and lignin, a substance of high molecular 
weight, whose structure is not yet definitely known. When cellulose is 
heated with strong hydrochloric acid it is hydrolyzed to a mixture of 
sugars. This process, as a preparation of edible sugar from wood, has 
been reported to be in large scale operation in Germany, 

The manufacture of paper is an important cellulose industry. The 
raw material is usually wood, and the principal operation in converting it 
to paper is the removal of lignin. The wood is first shredded to separate 
the fibers and then heated with a solution of some chemical, such as 
sodium sulfite, to extract the lignin. The purified cellulose is collected 
on screens, rolled, and dried. Various additional processes are re- 
quired, depending on the type of paper deared. For instance, bleaching 
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is necessary to produce a white paper. Writing paper is impregnated 
with sizes, such as rosin, glue, starch, and silicates. Parchment paper is 
prepared by immersing the sheets in cold, concentrated sulfuric acid. 
This treatment renders the surface waterproof. The best grades of 
paper are made from cotton rags, that is, from quite pure cellulose. Some 
paper is made from straw. 

Cellulose Derivatives 

Cellulose Nitrate. From the structural formula written above for a 
portion of the cellulose molecule it can be seen that three alcohol groups 
are present in each glucose unit. These show many of the reactions of 
ordinary alcohols. For example, treatment of cellulose with a mixture of 
sulfuric and nitric acids produces the nitrate, [C6H702(0N02)3]x, in 
which each hydroxyl group has been esterified by nitric acid. This 
product is known as cellulose trinitrate or guncotton. It is a high 
explosive of great military value. If the reaction with nitric acid is car- 
ried out under milder conditions a mixture of mono- and dinitrates is 
formed. This material, known as pyroxylin, hnds many uses. Smoke-- 
less powder is a mixture of pyroxylin and guncotton. Celluloid is a mix- 
ture of camphor and pyroxylin. Collodion is a solution of pyroxylin in 
alcohol and ether. Certain lacquers are essentially solutions of pyroxylin in 
butyl acetate or other solvents. The pyroxylin is first treated with dilute 
alkali, a process which makes it more soluble in organic solvents and 
renders the solutions less viscous. The lacquer must also contain color- 
ing materials, resins, and certain very high-boiling liquids (plasticizers) 
which increase the elasticity of the dry lacquer film. It is to be noted 
that the drying of lacquers involves only the evaporation of a solvent, 
whereas the '^drying'' of oil paints depends on chemical reactions initi- 
ated by the oxygen of the air. 

Cellulose Acetate. Acetic anhydride converts cellulose to the tri- 
acetate [C6H702(0C0CH3)3 ]x. Cellulose acetate is soluble in various 
solvents, and it can be obtained in the form of thin sheets by evaporation 
of its solutions. Cellulose acetate is much less inflammable than pyroxy- 
lin and has supplanted the latter in certain products which are subjected 
to fire hazards. When mixed with suitable plasticizers the acetate can be 
molded. Cellulose acetate has been widely used as the bonding sheet in 
safety glass. 

Rayon. It has been found that the difference in the appearance of 
silk and cotton materials depends on the fact that the silk fibers are 
long, smooth, tubular threads, whereas those of cotton are short and 
irregular The first process developed for improving the appearance of 
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cotton fabrics was mercerization, which is a brief treatment with alkali. 
It imparts a sheen to the cloth, but since it affects only the surface of 
the fibers the appearance of the product is still quite different from that 
of silk. In making rayon, cellulose is converted into a soluble derivative, 
and a solution of the derivative is forced through fine holes into a medium 
which alters the derivative or removes the solvent so that a filament is 
formed. 

The acetate process for making rayon employs a solution of cellulose 
acetate in a volatile organic solvent. The solution is spun into a heated 
chamber so that the solvent evaporates, leaving a filament of cellulose 
acetate (acetate rayon). 

Other processes are designed to give filaments of regenerated cellulose. 
The most extensively used is the viscose process, in which cellulose is 
converted into the soluble cellulose xanthate. The xanthate solution is 
spun into a bath of acid, which decomposes the xanthate and precipi- 
tates cellulose. The formation and decomposition of a xanthate can be 
illustrated with a simple alcohol. The reagents are sodium hydroxide 
and carbon disulfide. 

CH3CH2OH + CS2 + NaOH ► CH3CH20C-SNa + H2O 

Sodium ethyl xanthate 


/S 

CHsCIIsOC-SNa + HCl > CII3CH2OH + CS2 + NaCl 


In the preparation of cellulose xanthate the cellulose is first treated with 
alkali. The ^ ^sodium cellulose^^ so obtained is a somewhat degraded 
cellulose probably containing both adsorbed and combined alkali. On 
treatment with carbon disulfide the xanthate is formed. Colloidal dis- 
persions of cellulose xanthate are extremely viscous, hence the name, 
viscose. In the preparation of cellophane the xanthate solution is forced 
through narrow slits into the regenerating bath. 

The cuprammonium process makes use of the soluble derivative 
formed when cellulose is treated with an ammoniacal solution of a copper 
salt (Schweitzer^s reagent). The derivative is decomposed by acids to 
regenerate the cellulose. 

In the practical application of these processes a number of modifica- 
tions are necessary. Various substances are added to the solutions of the 
cellulose derivatives to improve the spiiming properties and increase the 
flexibility of the filaments. Glycerol and glucose are among the sub- 
stances added. A number of washings of the filaments are required to 
remove the various chemicals used in each process, and bleaching is 
jfiecessary. In the preparation of cellophane numerous washing and 
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rolling operations are required, and the product is finally coated with a 
lacquer to make it waterproof. 

An idea of the industrial importance of rayons may be gained from the 
consideration that the annual production in the United States is ap- 
proaching 200,000 tons. In the early development of the industry, low- 
grade cotton was used as the raw material. With the improvement in 
methods of processing wood, more and more of the cellulose is being 
obtained from this source. 


PROBLEMS 

1. Define and illustrate the following terms: (a) aldopentosc, {b) ketohexose, 
(c) reducing sugar, (d) lactol, (e) mutarotation, (/) invert sugar, (g) glycoside, 
{h) glucoside, (i) osazoiie, (j) pyranose, {k) furanose, {1) polysaccharide, (m) 
dextrin, (n) glycogen. 

2. A new sugar is found to exhibit mutarotation; predict its behavior toward: 
(a) Benedict’s solution, (6) methyl alcohol and hydrochloric acid, (c) phenylhy- 
drazine. 

3. By means of equations, show the reactions involved in the preparation of 
rayon, gunpowder, lac(iuers, cellophane, and edible sugars from cellulose. 

4. Compare the structures of a-methyl d glucoside, maltose, dextrin, and 
starch. Compare the structure of starch with that of cellulose. 
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VALENCE 


Since the time of Kekul^ many theories have been developed regarding 
the nature of valence. The most successful of these is the electronic 
theory of valence originated by Kossel and Lewis. It grew out of the 
experiments and speculations of Werner and others and was later ampli- 
fied by Langmuir and interpreted by Sidgwick. 

The chief practical value of the electronic theory is that it provides an 
explanation of the different kinds of valence; for valence had come to 
mean to the organic chemist something very different from the classical 
concept of the inorganic chemist. Inorganic compounds are generally 
salts, acids, or bases — compounds possessing polar properties. Organic 
compounds, on the other hand, are generally nonpolar in character. The 
contrast between these two classes of substances is seen best by reference 
to their physical properties. Some of these are listed below. 


Nonpolar Compounds 

Volatile 

Low melting points 
Insoluble in water 
Soluble in organic solvents 
Un-ionized in solution 
Fixed bonds which permit structural 
isomerism 
Reactions slow 


Polar Compounds 

Nonvolatile 

High melting points 

Soluble in water 

Insoluble in organic solvents 

More or less completely ionized in solution 

No isomerism 


Reactions rapid 


These properties represent the extreme cases of polar and nonpolar 
substances. Most compounds faU somewhere between the two extrem- 
ities of the series, and all gradations are observed. 

An example of an extremely polar compound is sodium chloride. 
Most inorganic salts belong in this category. Saturated hydrocarbons 
such as methane exemplify the extremely nonpolar group. 


TYPES OF VALENCE 

Any theory of valence must be able to account for the great difference 
in these two groups. The electronic theory does this by providing a 
means of representing different kinds of valence. This theory assumes 
t|tat a bond is formed by a pair of electrons shared between two atoma 
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Each atom except those of the inert gases has one or more electrons 
available for bond formation. Tl^se ire knovm as valence electrons, and 
the number is related to-the portion of fn^ement in the periodic table. 
Thus sodium has one, magnesium two, aluminum three, carbon four, 
nitrogen five, oxygen six, and chlorine seven. 

It is postulated that in a nonpolar compound a valence bond is formed 
by two electrons — one from each of the atoms involved. Such a bond 
is called covalent or nonpolar and is highly localized; it has a fixed direc- 
tion. Thus the hydrogen molecule is represented as H:H. Similarly, 
H 

methane is H : C : H. Ethylene and acetylene are written in the follow- 
H 

ing manner: 

H H 

C::C H:C:::C:H 

ii H 

Ethylene Acetylene 

It is evident that these representations differ from the line formulas com- 
monly used by organic chemists only in that a pair of dots has replaced a 
line. Clearly in such cases the electronic formulas offer as yet little or no 
practical advantage over the line formulas. 

The case of sodium chloride is very different. Here an electron has 
passed from the sodium atom to the chlorine atom and the formula is 
Na+Cl'". In other words, the two ions are held together only by elec- 
trostatic forces. This relationship, characteristic of polar compounds, 
is generally spoken of as electrovalence. The binding force is not local- 
ized but is exerted in all directions and affects all ions of the opposite 
charge which happen to be near. 

This type of linkage is not ordinarily formed by carbon but is found in 
salts of organic acids and amines. 

[RCO 2 ] - Na+ [R 2 NH 2 ] + Cl- 

[RS03]~K+ [R4N]+I~ 

Amino acids have saltlike or polar characteristics and may be repre- 
sented as inner salts. 



These are known as zwitterions (p. 174). 

Compoimds whose properties are intermediate between those of the 
extreme polar and nonpolar categories are supposed to have one or more 
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bonds in which the electron pair is shared unequally by the two atoms, 

H 

Thus methyl alcohol may be pictured as follows: H:C:0: H. The 

H 

electron pair joining the hydrogen atom to the oxygen atom is repre- 
sented as being predominantly in the possession of the oxygen atom. 
This distribution of the electrons creates a dipole approaching the truly 
polar t3^e in which the electrical charges are entirely separate. This 
explains why methyl alcohol is more polar than methane and why 
sugars — with many such hydroxyl groups — show a marked polar 
character in many of their physical properties. 


The Coordinate Covalence 

A special type of covalent linkage known as the coordinate covalence 
(also called semipolar) bond occurs frequently. It is present, for exam- 
ple, in the nitro group. The accepted formula for nitrobenzene is repre- 
sented by a. 

.o‘: 

C6H6:N::6‘ C6H5:nV ’ 

:0: ’fo‘- 

(a) (&) 

Here it will be observed that both oxygen atoms as well as the nitrogen 
atom have shells of eight electrons. Structure b, which corresponds to 
^0 

the line formula CeHs-N , is seen to be unlikely because it violates the 

octet rule, the nitrogen atom having a shell of ten electrons. Most nega- 
tive atoms tend to acquire electrons and reach a saturation point at 
eight. It follows that the maximum valence of these elements is four. 
In a the nitrogen atom holds four electron pairs and thus is tetravalent. 

It will be noticed, however, that the single bond between nitrogen and 
oxygen is peculiar in that both of the electrons of the bonding pair come 
from one atom. This is true of all coordinate covalent bonds. The atom 
furni^ng the electron pair is called the donor; the other atom is known 
as the acceptor. In sharing the pair the nitrogen atom virtually gives up 
one electron to the oxygen atom. The nitrogen atom will, accordingly, 
carry a positive charge. The oxygen atom, on the other hand, will 
possess a n^ative charge. This is a typical coordinate covalent linkage. 
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The formula might be written CeHs-N+'-O or CeHs : : 0 : to show 


II 

O 


: 0 : 


this. The notation generally used is CeHs- -N -O. That is, the coordinate 

II 

0 

covalent bond is represented by an arrow pointing from the donor to the 
acceptor. 

Ammonium chloride offers a striking illustration of t 5 T)es of valence. 
Consider the reaction between ammonia and hydrogen ion. 


H 

H:N: + H + 
♦ • 

H 


H 1 + 
H:N:H 
H . 


The nitrogen atom in ammonia is trivalent but has in addition an un- 
shared pair of electrons which permits it to form a linkage with the 
proton, giving rise to the ammonium ion. Thus, in ammonium chloride 
the chloride ion is held by an electrovalence. 

NH4+CI- 

R 

I 

Amine oxides (p. 397), formerly written R-N=0, are now represented 
R R R 

• • •• I 

as R : N : 0 ; or R-N -O, the oxygen atom being joined to the nitrogen 

• • • • I 

R R 

atom by a coordinate covalent bond. 

Sulfoxides and sulfones (p. 63) are to be written similarly. 

: 0 : 


R:S:R 

R:S:R 

• • 

• • 

:0: 

:0: 

• • 

0 

R-S-R 

R— S“R 

i 

0 

6 

Sulfoxide 

Sulfone 


In sulfoxides the sulfur atom is really trivalent and not tetravalent as 
represented in the line formulas. Similarly, in sulfones the sulfur atom is 
tetravalent and not hexavalent. 

The new point of view accords well with the chemical behavior of these 
substances. If they really had double linkages between sulfur and oxy- 
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gen these molecules would be expected to undergo addition reactions 
similar to those observed with carbonyl compounds. Such reactions, 
however, do not take place with sulfones or sulfoxides. 

Similar formulas are written for esters of sulfinic (p. 409) and sulfonic 
acids. 

R:S:0:R or R-S-OR 

.. .. i 

:0: O 

Sulfinic esters 

:0: O 

R:S:0:R or R-^O-R 

.. .. 1 

:0: O 

Sulfonic esters 


The Parachor 


The distinction between double bonds and coordinate covalent bonds 
— formerly written as double bonds — was made clear by use of a physical 
constant known as the parachor. It is a function of surface tension and 
volume expressed as follows: 


M 


D 


where P equals parachor, M equals molecular weight, D equals density 
of the liquid phase, d equals density of the gas phase, and y equals 
surface tension. 

The parachor is related to chemical composition and has proved to be 
one of the most valuable of all physical constants used to determine 
structure. It is an additive relationship and for a given molecule one 
can calculate the parachor by adding together the parachor values for 
the various atoms and structural imits. The following calculation of the 
parachor of nitrobenzene is an example. 

6C 6X 4.8= 28.8 

5 H 5 X 17.1 = 85.5 

N = 12.5 

2 0 2 X 20 = 40.0 

4 = 4 X 23.2 = 92.8 

Six-membered ring = 7.7 

Coordinate covalent bond = —1.6 


The observed value is 264.5. 


265.7 
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Free Radicals 

Another very great advantage gained by the use of two dots for a 
valence bond is that the bond can be separated into two parts. Thus the 
dissociation of hexaphenylethane into the free radical, triphenylmethyl. 
can be pictured as follows: 

(C6H5)3C:C(C6H5)3 ^ 2(C6H6)3C- 

In general free radicals may be represented as having a trivalent carbon 
atom with one additional (unshared) electron. In liquid sulfur dioxide 
the dissodation is ionic and can be indicated as follows: 

(CoHs)3C-?i (C6Hs)3C+ + e 

This means that in sulfur dioxide solution the free radical is in equilibrium 
with the triphenylmethyl cation and an electron. Both the ion and the 
electron are believed to be solvated by the sulfur dioxide. Here are seen 
examples of trivalent carbon with no extra electrons (positive ion) and 
with one extra electron (free radical). The electronic theory enables one 
to represent these satisfactorily whereas the line formulas furnished no 
adequate means of notation for such instances. 


“Divalent” Carbon Atoms 


Carbon monoxide and certain other molecules long supposed to con- 
tain divalent carbon atoms can also be clearly represented by use of elec- 
tron bonds. Carbon monoxide is now believed to have the structure 


:C 


0 : 


The carbon atom is therefore not divalent but trivalent. 


Nevertheless, the valence state is again different from any of the three 
examples of trivalent carbon just considered in connection with free 
radicals. In carbon monoxide the carbon atom and the oxygen atom 
have five electrons each (one pair and half of three pairs) and therefore 
are joined not only by two nonpolar or covalent bonds but also by a 
coordinate covalent linkage as well. The formula may be written 


:C:0: 


or C=0 


The isonitriles can be represented amilarly. 


R:N:C: or RN^ 
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It is interesting to compare the cyanide ion with nitrogen and carbon 
monoxide. All have the same valence arrangement. 


:C 


0: :N 


N: 


:C 


N: 


The union of the cyanide ion with a positively charged alkyl radical is a 
coordination and may take place in either of two ways, producing in the 
one instance a nitrile and in the other an isonitrilc. 


R+ :C 


N: 


/ 

\ 


R:C 


N: 


:C 


N:R 


Nitrile 


Isonitrile 


The Hydrogen Bond 

Recently it has been shown that a hydrogen atom can form a bridge 
between two other atoms if they are very electronegative in character. 
Oxygen, fluorine, and nitrogen may be joined in this way. As would be 
expected, the hnk between two fluorine atoms is the most stable. It 
exists in potassium hydrogen fluoride (KHF 2 ), the formula of which is 

written K-^[:F:H:F:]~ 

The association of water and other hydroxyl-containing compounds 
has been ascribed to the formation of a hydrogen bridge between two oxy - 
gen atoms. 

H H 

H:0:H+ :0: ¥ H:0:H:0: 

” H ” ii 

Chelate Rings 

This type of linkage is believed to exist in many ortho disubstituted 
benzene derivatives. For example, o-nitrophenol and salicylaldehyde 
may be written as follows: 



o-Nitrophenol 
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H 
6 


:0:H 


or 


\/\ / 
o 

Salicylaldehyde 


2 


Nearly all enols can be formulated as ring compounds in which the 
ring is closed through a hydrogen bond. It is believed that enolization 
always involves hydrogen bond formation. Acetoacetic ester will serve 
as an example. 


OH 0 

CHa-C C-OR 

\h/ 

Classical formula 


.. .H. 

;0 • * 0 : 

CHsrC. .C:6:R 

• • * • • 

•c 

• * 

H 

Chelated structure 


Such rings are known 
following way: 


as chelate rings and are often represented in the 


H 

/ \ 

0 0 

1 II 

CHa-C C-OR 

\ / 

CH 


The Resonance Principle 


Many organic molecules are capable of existing in two or more equiva- 
lent or nearly equivalent electronic arrangements. The nitro compounds 
are examples. 


* o • 

R:n‘: . 
+:o: 


(o) 


:o: 

r:n: • 

+ • • • 

;o* 

( 6 ) 


Forms o and b are equivalent; the molecule is correctly represented by 
neither form alone but by both simultaneously. The phenomenon is 
known as resonance. Resonating molecules cannot, therefore, be rep- 
resented adequately by our formulas. 
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Resonating molecules are always more stable than would be expected 
from an examination of their structural formulas as ordinarily written. 
Benzene is a striking illustration. 

H H 

H:C‘’* ■C:H H:C' ‘-'CrH 

•• ll !! 

H:C. .C:H H:C .C:H 

• • • • 

•c c- 

• • • • 

H H 

A simpler example is seen in the acetate ion. 


:'o.' 
• • • 


:'o’: 

CHaC: . 

i — ¥ 

CHaC; ' 

:o: 

« • 


• • • 

:o* 

-a • — 


Conjugated pairs of double bonds are resonating systems and lend an 
abnormally large stability to molecules in which they occur. Enols 
illustrate this type. In general the enol form resonates whereas the 
corresponding keto form does not. This accounts to some extent for the 
tendency of the enols to chelate by hydrogen bond formation. The enol 
modification of acetylacetone, for example, has the following resonance 
forms: 


H 

/ \ 
O O 


CHa-C O-CH3 

\ / 

CH 


H 

/ \ 
o o 


CHs-C C-CHa 

\ / 

CH 


PROBLEM 


Write electronic formulas for the following substances: 


a. SO2 

b. CHs 

c. RsO 

A RSOjNHi 
e. CO 


/. H2O2 

g. KNOs 

h. CHsCOjH 

i. B.SI 

j. RIO2 
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CHAPTER XVII 


ISOMERISM 

Isomerism is characteristic of complex molecules held together by fixed 
or covalent bonds and is, therefore, confined primarily to carbon com- 
pounds. Isomers have the same molecular formula but differ in at least 
one of their chemical or physical properties. The difference is, of course, 
due to a difference in the arrangement of the atoms in the molecule. 
Following are the principal types of isomerism. 

TYPES OF ISOMERISM 
Simple Structural Isomerism 

The difference between isomers of this group can be expressed by 
simple structural formulas. Ordinary planar or two-dimensional formu- 
las are sufficient. 

Nucleus or Chain Isomers. Nucleus or chain isomers differ in the 
arrangement of the carbon atoms. Examples of this are the three pen- 
tanes: 

CHs CHa 

CH3-CH2-CH2-CH2-CH3 CH3-CH-CH2-CH3 CH3-(>CH3 

CH3 

n-Pentane Isopentane Neopentane 

Position Isomers. Position isomers have the same carbon skeleton 
but differ in the position of some atom or group attached to it. Exam- 
ples are 0 -, nh, and p-dichlorobenzene and 1- and 2-butanol. 

Cl a a 


o-Dichlorobenzene m-Dichlorobenzene p-Dichlorobenzene 

CH3CH2CH2CH2OH CH3CH2CHCH8 

in 

1-Butanol 2-Butanol 




214 
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Functional Group Isomers. Functional group isomers have different 
functional groups. Ethyl alcohol and methyl ether are examples. 

CH 3 CH 2 OH Ethyl alcohol 

CH 3 OCH 3 Methyl ether 

Chain, position, and functional group isomerism often occur together. 

Tautomerism is really a type of functional group isomerism but is often 
classified separately because of its unusual nature and its profound 
theoretical importance. In this type of isomerism two forms occur and 
are characterized by the fact that they are directly and readily inter- 
convertible. The classical example is acetoacetic ester. The enol and 
keto modifications form an equilibrium mixture (p. 150). 


CH3COCH2CO2C2H5 


H 

/ \ 
0 O 


CH3~C 


\ / 

CH 


C-OC2H5 


Stereoisomerism 

Stereoisomerism depends on differences in the three-dimensional 
space relations in molecules. There are two principal types: -optical 
isomerism and cis-trans or geometrical isomerism. 

Optical Isomers. Optical isomerism occurs in molecules which are 
asymmetric. In other words, any molecule which is not superimposable 
upon its mirror image may exist in two forms. These isomers have 
identical properties except for the effect on plane polarized light. The 
common elements of symmetry which must be absent from such a mole- 
cule are (a) a plane of symmetry and {h) a center of symmetry. 

Most of the known optically active compounds owe their molecular 
asymmetry to the presence of an asymmetric carbon atom. The carbon 
atom is said to be asymmetric when it holds four different atoms or 
groups of atoms. a-Amino acids illustrate this type. 

H 

r-(!)-co2H 

NH2 

Optical activity may be due also to asymmetric atoms other than car- 
bon. The resolvable sulfinic esters are examples. Incidentally, the dis- 
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covery of their resolvability is due to the electronic theory of valence. 
Older methods of writing the formula represented a sulfinic ester as hav- 
ing a plane of symmetry. 


CHs/ SS 


.0 

M)C2H5 


Classical formula 


: 0 : 


CH3<(\]7^:S:0:C2H5 

Electronic formula 


This t3ipe of asymmetry is extremely interesting because the sulfur atom 
in which it resides needs to hold only three dissimilar atoms or groups. 
The remaining vertex of the tetrahedron has only an unshared electron 
pair. 

The number of optical isomers to be expected for a given structure is 
equal to 2” where n is the number of dissimilar asymmetric atoms pres- 
ent. Each of the following structures, for example, calls for four isomers 
— two dl pairs. 


CeHsrS: 

: 0 : 


OCOCH3 

j^rS.-CeHs 

I :0: 

V •• 


CH2 

/ \ 

CH3CH CHC02H 


CH2 — CH2 


C6HfiCHBrCHBrC02H RCHCO2CHCH2CH3 

NH2 CH3 


A compoimd containing two similar asymmetric atoms may exist in 
three forms: dextro, levo, and meso. Examples of this type are the fol- 
lowing: 


/CHCO2H 

XIHCO2H 


CHsrS 
• » 

:0 


CO2H 



SrCHs 
• • 

0 : 


CsHs CoHs 1++ 

CH3-N-CH2CH2CH2-N-CH3 21- 
^Hs 62H6 - 


The last compound is of particular interest because it contains asym- 
metric nitrogen atoms. A number of similar salts in which the nitrogen 
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atom is tetravalent have been resolved. From the knowledge that sul- 
finic esters are capable of existence in optically active forms, it would be 
expected that tertiary amines of the type 

R' 

R:N:R" 

could be resolved. However, all attempts to prepare optically active 
forms of such amines have failed. The following are a few of the many 
tertiary amines whose resolution has been unsuccessfully attempted. 

C2H6V /CHa 
N 

A 

\J 

SO3H 



Selenium, tellurium, tin, germanium, phosphorus, arsenic, boron, 
beryllium, copper, zinc, and a number of other elements may give rise 
to optical activity when properly substituted. 

The Walden Inversion 

Replacement of an atom or group attached directly to an asymmetric 
atom often causes a rearrangement of the groups around the latter giv- 
ing a derivative which has a configuration opposite that of the ori^nal 
molecule. This phenomenon was discovered by Walden and is known 
as the Walden inversion. 

This inversion has attracted much attention, primarily because of its 
bearing on the problem of the mechanism of substitution in general. A 
su^stion that has proved very helpful is that the entering atom ap- 
proaches the face of the tetrahedron opposite to the atom which is dis- 
placed. 

R R' R R' 

Y - — y V — ► V +x- 

Bf \ y' V' 


This would bring about inversion. 
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Support for this proposal has been found in the replacement of iodine 
by radioactive iodine in an optically active iodide. 


I*” 


R R' 
\ / 

C 

/ \ 
R" I 


R R' 
\ / 

C 

/ \ 

I* R" 


+ 1 ’- 


The rate of inversion, as measured by the rate of racemization, of the 
original iodide is the same as the rate at which the iodide becomes radio- 
active. 

Optically Active Compounds Which Do Not Contain an As3mimetric 

Atom. For a long time it was believed that the presence of an asym- 
metric atom was necessary if a molecule was to be optically active. 
This view has changed, however, with the discovery of numerous 
optically active substances whose structures contain no asymmetric 
atom. These fall into several distinct groups each of which will now be 
examined briefly. 

The Inositol Type. Inositol is a hexahydroxycyclohexane and exists 
in eight different forms, two of which are represented here. 

OH OH 


(o) 





Seven of these isomers have one or more planes of symmetry and are 
optically inactive; an example is represented by figure a whose plane of 
symmetry is indicated by the dotted line. The eighth form of inositol, 
however, has no plane of symmetry or center of symmetry. Further- 
more, it has no asymmetric carbon atom. Yet it exists in d and I forms 
as shown in figures b and c. 

The AUene Type. Early in the development of stereochemistry it was 
recognized that properly substituted allenes should be asymmetric 
molecules and, therefore, should be resolvable into d and I forms. Al- 
though many chemists have sought to obtain such optically active 
allenes it was only recently that success was achieved. The first allene 
to be resolved was the following: 

CeHfix /CeHs 

OC=C 

C10H7/ n:^02H 
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The Spirans. These are very similar to the allenes. Following are 
three which have been resolved into d and I forms: 


H\ /CH2\ /CH2\ /CO2II 

c c c 

HO 2 C/ X^H2/ "^CH2/ 


(a) 


CoHs CoHa 

^C— 0 0—C 

CH Be CH 

\ / \ / 
c=o o=c 

06211 \::02ii 

( 6 ) 


CeHav /CH2CH2S /CH2CH2\ /CO2C2H5 
C N C 

W \CH2CH2/ M:H2CH2/ 


Br- 


(c) 


Figure a represents a spiran which differs from an allene in that the 
rings are four- rather than two-membered. 

The chelatt'd beryllium derivative of benzoylpyruvic acid is repre- 
sented by figure h. The fact that this molecule is optically active is a 
proof of the reality of chelation. 

The quaternary ammonium salt represented by figure c is also a resolv- 
able spiran; this proves that the nitrogen atom in this molecule is tetra- 
hedral. 

Substituted Biphenyls and Related Compounds. Restricted rotation 
about the central bond in certain substituted biphenyls may also cause 
molecular asymmetry. The following is an example. 



Such molecules are asymmetric only when each ring is uns3Tnmetrically 
substituted. A similar case has been observed in the naphthalene series. 


C6H6SO2NCH2CO2H 





Here the free rotation about the amido nitrogen atom is prevented by the 
interference of the nitro group. The possibility that this molecule owes 
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its activity to the amido nitrogen atom seems remote. As yet it has not 
been possible to resolve a molecule of the type RR'R"N. Moreover, if 
the nitro group in the above molecule is replaced by a hydrogen atom the 
asymmetry is lost. 

cis-trans Isomerism. cis4rans Isomerism (p. 146) may occur in a mole- 
cule having a structure so rigid that its parts are not free to rotate with 
respect to each other. The simplest type includes all olefins having the 
structure abC=Cab. This structure may exist in two forms known as 
cis and trans, 

a a a b 

i I II 

c=c c=c 

11 II 

b b b a 

CIS Form trans Form 

The best-known examples of this type of isomerism are maleic and 
fumaric acids. 

H-C-CO 2 H HO 2 C-C-H 

H-C-CO 2 H H-C-CO 2 H 

Maleic acid Fumaric acid 

In fact, cis and trans forms are often called, respectively, malenoid and 
fumaroid. In general, the cis form is lower melting and more soluble than 
the corresponding trans form. For example, maleic acid melts at 
whereas fumaric acid sublimes at 286°. Also, maleic acid is 100 times as 
soluble in water as is fumaric acid. 

Oximes and many similar types of nitrogen compounds also may exist 
in cis and trans forms. These are often called, respectively, syn and anti 
forms. 

R R OH 

C=N 6=1^ 

H (Sh H 


syn Form 


anti Form 


cis4rans Isomerism may also occur in ring compounds in which the 
rigidity of the ring structure serves to prevent rotation. 1,3-Cyclo- 
pentanedicarboxylic acids illustrate this type. 


O2H HOaC 


ci® Form 


trans Form 
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An extremely significant example of this tsTpe is presented by the disul- 
foxide of dithiane. Its two forms are represented below. 


^CHz-CHzk 

s 

6\^H2-CH2^ O 

CIS Form 


.CH2-CH2\^0 

s s 

6\::h2-ch2^ 

tram Form 


The existence of these forms shows that the three bonds of trivalent sul- 
fur do not lie in one plane. 

Cyclic compounds of the above type may exhibit both cis4rans and 
optical isomerism if asymmetric atoms are present. For example, 1,3- 
cyclopentanedicarboxylic acid has two similar asymmetric carbon atoms 
and should exist in a racemic and meso form (p. 168). 

CH 2 CHCO 2 H 

\ 

CH 2 

/ 

CH2CHCO2H 

Because of the rigidity of the ring structure, it should exist in cis and 
tram forms. The cis form has a plane of symmetry and, thus, is the 
meso form; the tram acid is racemic (p. 220). 

It is to be noted that cis-tram isomerism due to a double bond is not 
possible when the double bond is part of a ring system. This is evident 
from a consideration of a model of a 1,2-disubstituted-l-cyclohexene. 



The groups A and B are in the plane of the ring. 

Free rotation about a single bond is sometimes difficult or impossible 
because of the interference of the rotating parts. Thus, as we have al- 
ready seen, biphenyl derivatives which have substituents in positions 
ortho to the central linkage may be incapable of rotation about this 
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bond. This may give rise to geometrical isomerism as well as optical 
isomerism. An example is shown below. 


OHOH cHj Br 



OH OH 

cis Form 

Br CHa OH OH 
CHa (SffOH 

irans Form 


CHa 



CHaBr 


In this case neither form is capable of optical activity; the cis form nas • 
plane of symmetry and the trans form has a center of symmetry. 


PROBLEM 

Indicate the number and type of stereoisomers to be expected of the following 
structures. 

a. CeHsCH^CHCeHs /CHr-CH 


b. CoHsCHCOjH 

OH 

c. CH,CH CHCHj 

d. HO2C CH, CH, CO2H 



CHa CHa 


CaHas /CHas /CO2H 

e. C C=C 

B.'' '^CHa'^ '^H 

/. CHaCHCOaCHa 
NHCOCHa 

g. CHaCH-CH-CHCOaH 

I I I 

OH OH OH 


h. CHaCH=C II 

''CHa-CH 

0 

t. CH8<^ ^^CHa 
COaH 

j. CHas /CHa-0\ /CHj-CHCl 

C C I 

H/ '"CHa-O^ ^CHa-CHa 

k. CHaCH-CHCHa 

✓0 /CH, 

l. C6HaCH=CHC0CH 

XlaH, 

m. CHO 
CHOH 
CHOH 
CHOH 
CHOH 
CHaOH 
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n. CHs 


O-SOR 


0. CHs^ /CH2r’S~*0 

C I 

H'' ''CHir-CHj 

p. CH*s /CH2\ /CH 2 CH 

c c II 

E'' NDHj/ N^HjCCI 


g. CH3CH=CHS02R(ester) 


r. CeHsCH-CHCOjH 

I I 

Br Br 

a. CH 2 -CH-CH-CH 2 
''(K ''O' 

t. CHs 

CH 

/ \ 


CH 

11 

CHs 

II 

CH 

j 

CHOH 


\ / 

CH 


I 

CH 

CE/ '^CEj 


SUGGESTED READING 

Shrinek, Adams, and Marvel, “Stereoisomerism,” Gilman’s Organic Chemistry 
Chapter 3, p. 150. John Wiley and Sons, New York, 1938. 
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INDUSTRIAL ALCOHOLS 

Twenty years ago the only alcohols that were obtainable in quantity 
were methyl alcohol, made by the distillation of wood, and ethyl alcohol, 
obtained by fermentation of sugar with yeast. A by-product of the 
latter process was fusel oil, which consists of a mixture of amyl alcohols. 
No dihydroxy alcohol was on the market, and glycerol was the only poly- 
hydroxy alcohol that was relatively cheap. Today the alcohols avail- 
able commercially number more than a score. This is probably the 
most important advance which modern industrial chemists have made. 
For not only are these alcohols adapted to a wide variety of uses but they 
also serve as raw materials for the synthesis of a vast and imposing 
array of useful derivatives. Ethers, esters, acids, aldehydes, and ketones 
in great variety are available from the new inexpensive alcohols. 

The events which led up to the manufacture of ‘‘higher alcohols^^ are 
absorbing. Probably the war-time (1914-1918) demand for acetone 
paved the way for the most important of these, for it nurtured the devel- 
opment of Weizmann’s fermentation of starch (p. 49) to give acetone. 
This change is brought about by the bacterium Clostridium acetohutyl- 
icum. The organic products are acetone (30 per cent), ethyl alcohol 
(10 per cent), and n-butyl alcohol (60 per cent). In the large-scale 
manufacture of acetone, accordingly, vast quantities of ?i-butyl alcohol 
were made. 

The story of n-butyl alcohol is one of the most interesting in the annals 
of the science. This little-known and apparently useless by-product 
proved to be the foundation stone for the modern lacquer industry. For 
a long time the Weizmann process was operated to produce the alcohol, 
and the ketone was regarded as a by-product. However, in 1941 the 
demand for acetone (as a solvent for processing cellulose nitrate) had 
increased so sharply that this may again be considered the more desirable 
of the two products. 

Another product of Weizmann^s fermentation is a gas which contains 
carbon dioxide (55 per cent) and hydrogen (45 per cent). This too has 
found a use. Part of the carbon dioxide is removed and the residual mix- 
ture subjected to high temperature and pressure in the presence of a 
suitable catalyst. Methanol is formed. 

CO 2 + 3 H 2 > CH 3 OH + H 2 O 
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However, the importance of this synthesis of methanol is relatively 
insignificant when compared to that based on the hydrogenation of car- 
bon monoxide. The latter process has made methanol as cheap as ethyl 
alcohol. It consists in the treatment of carbon monoxide with hydrogen 
in the presence of a zinc chromite catalyst at about 450° and 3000 lb. 
pressure. 

By changes in the catalyst the methanol synthesis may be made to 
give a variety of higher alcohols. It is possible that the higher alcohols 
are derived from the lower ones by a condensation similar to the Guerbet 
reaction which is also a high-pressure process and consists in the inter- 
action of an alcohol with an alcoholate. 

RONa + RCH 2 CH 2 OH ► RCHCH 2 OH + NaOH 

I 

R 

Another method of making alcohols is hydration of olefins. The latter 
are available in vast amounts from the petroleum industry and 3deld an 
extensive collection of alcohols. Except for ethyl alcohol these are all 
secondary or tertiary alcohols. 

The Carbide and Carbon Chemicals Corporation produces a series of 
alcohols wliich appear to be derived from acetaldehyde by condensation 
and hydrogenation. 

2CH3CHO ► CH3CH2CH2CH2OH 

CH 3 CHO + CH 3 CH 2 CH 2 CHO f jCH 3 (CH 2 ) 4 CH 20 H 

1(CH3CH2)2CHCH20H 

2CH3CH2CH2CHO ¥ CH3CH2CH2CH2CHCH2OH 

C2H5 

The Sharpies Corporation makes certain amyl alcohols from pentanes 
by chlorination and hydrolysis of the chloropentanes. 

The most important alcohols which are commercially available are 
listed in Table XXV. The sources of the alcohols are indicated by the 
following abbreviations. 

0 = hydration of olefins 
G = Guerbet reaction 

C = Carbide and Carbon Chemicals Corporation’s method 
F = fermentation 

H = hydrolysis of the corresponding chlorides 
P = from carbon monoxide 
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TABLE XXV 


Indubtkial Alcohols 


Methanol 

CH 3 OH 

p 

Ethanol 

CH 3 CH 2 OH 

FOP 

1 -Propanol 

CH3CH2CH20n 

P 

2-Propanol 

(CH3)2CH0H 

0 

1-Butanol 

CH3{CH2)2CH20H 

F 

2-Butanol 

CH 3 CH 2 CHCH 3 

OH 

0 

Isobutyl alcohol 

(CH3)2CHCH20II 

P 

^-Butyl alcohol 

(CIl3)3COH 

0 

n-Amyl alcohol 

CH3(CH2)3CIT20n 

H 

2-Methyl-l-butanol 

CH3CH2CH(CH3)CH20H 

F P H 

Isoamyl alcohol 

(CIl3)2CHCH2CH20H 

FH 

2-Pentanol 

CH 3 CH 2 CH 2 CH (OH) CHs 

OH 

3-Pentanol 

(CH3CH2)2CHOn 

H 

i-Amyl alcohol 

(CH3)2C(0H)CH2CH3 

0 

n-Hexyl alcohol 

CH3(CH2)4CH20H 

C 

2-Methyl-l-pentanol 

CH3CH2CH2CII(CH3)CH20H 

PG 

2-Ethyl - 1 -butanol 

(CH3CH2)2CHCH20H 

C 

4-Methyl-2-pentanol 

(CH3)2CHCH2CH(0H)CH3 
(Hydrogenation of mesityl oxide?) 


1 -Heptanol 

CH 3 (CH 2 ) 6 CH 20 H 
(Hydrogenation of n-heptaldehyde) 


Diisopropylcarbinol 

(CH3)2CHCH(0H)CH(CH3)2 

P 

2,4-Dimethyl - 1 -pentanol 

(CH3)2CHCH2CH(CH3)CH20H 

P 

4-Methyl-l-hexanol 

CH3CH2CH(CH3)CH2CH2CH20H 

P 

2-Octanol 

CH3(CH2)6CH(0H)CH3 
(From castor oil) 


2 -Ethyl-l-hexanol 

CH8(CH2)3CH(C2H6)CH20H 

CGf 

Lauryl alcohol 

CH3(CH2)ioCH20H 


Palmityl alcohol 

CH3(CH2)i4CH20H 



(cetyl alcohol) 


By the catalytic hydrogenation of fats, lauryl, myristyl, palmityl, and 
stearyl alcohols are made. These are important because the sodium 
alkylsulfates (RCH 20 S 03 Na) derived from them are excellent deter- 
gents (p. 108). Cyclohcxanol is made by catalytic hydrogenation of 
phenol. 

A hydrogenation process has also been developed for the production of 
ethylene glycol from methyl glycolate. 


CH2OH CH2OH 

(b02CH3 ^ CH2OH 

Methyl glycolate 


+ CH3OH 
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The most interesting feature of this method is the high-pressure syn- 
thesis of the glycolic ester. It is accomplished by condensation of carbon 
monoxide, formaldehyde, and methanol. 

CO + CH 2 O + CH 3 OH — ► HOCH 2 CO 2 CH 3 

Glycerol as stated earlier (p. 58) has long been available as a by- 
product of soap manufacture. 

CH 2 OCOR CH 2 OH 

CHOCOR + 3NaOH ► 3 RC 02 Na + CHOH 

CH 2 OCOR CH 2 OH 

Much of the supply is converted into glyceryl trinitrate or “nitroglycer- 
ine” (p. 58) which is used extensively as an explosive. This fact makes 
glycerol exceedingly important in war-time. During World War I a 
fermentation method was developed to meet the excessive demand for 
glycerol. A maximum yield is obtained when the fermentation is con- 
ducted within the pH range of 7.0 to 8 . 8 . Ethyl alcohol, on the other 
hand, is formed in a markedly acid medium with a pH approaching 4.5. 

At best, the production of glycerol from sugar can only be a war-time 
expedient for the cost is great. Recently a very promising method has 
been announced which involves the chlorination of propylene to give 
allyl chloride (p. 231). The latter may be converted to glycerol through 
glycerol a, 7 -dichlorohydrin. 

About one-fourth of the annual output of glycerol is used in dynamite. 
Enormous amounts also go into the tobacco industry; glycerol is added 
to tobacco as a softening agent and to facilitate the maintenance of a 
given moisture content as well as to give sweetness and improved flavor. 

Paints, varnishes, lacquers, and molded plastics require large amounts 
of glycerol. The manufacture of viscose uses about 20,000,000 lb. of 
glycerol annually. 

PROBLEMS 

1 . Make a list of the more important derivatives of (a) ethylene, ( 6 ) acetylene. 

2 . What important organic compounds can be made from castor oil? 

3. What influence has the use of high-pressure technic had on the development 
of organic chemistry? 

SUGGESTED READINGS 

Graves, “Higher Alcohols Formed from Carbon Monoxide and Hydrogen,” Ind. 

Eng. Chem., 23, 1381 (1931). 

Williams, “Modem Petroleum Research,” Ind. Eng. Chem., News Ed.^ 16, 630 (1938}. 
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Ayres, ^^Amyl Alcohols from the Pentanes,” Ind. Eng. Chem., 21, 899 (1929). 
Whitmore, Organic Chemistry, pp. 101-142. D. Van Nostrand Company, New York, 
1937. 
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CHAPTER XIX 

ORGANIC HALOGEN COMPOUNDS 

The Synthesis of Organic Halogen Compounds 

The most useful methods available for the introduction of halogen 
atoms into organic molecules fall into three categories. These are hal- 
ogenation, addition of a halogen or a halogen acid to an unsaturated 
group, and replacement of other functional groups. The methods will 
be considered in the order of mention. 

Halogenation 

The direct replacement of a hydrogen atom by a halogen atom is 
known as halogenation. It is the only substitution reaction which is 
entirely general. Any hydrogen atom attached to a carbon atom may be 
replaced by a halogen atom. The ease with which this occurs varies, 
however, through an exceedingly wide range. The strength of the car- 
bon-hydrogen linkage is greatly affected by the other atoms or groups of 
atoms which the carbon atom holds. Thus the replacement of the 
hydrogen atom by halogen may be very difficult, as with the paraflSn 
hydrocarbons, or it may be extremely rapid, as with phenol and aniline. 
Moreover, all intermediate degrees of reactivity are encountered. On 
account of these differences it will be advantageous to discuss the differ- 
ent classes of organic compounds separately. 

Aliphatic Hydrocarbons. The halogenation process which is most 
refractory is the direct halogenation of paraffins. The process is cata- 
lyzed by light and proceeds rapidly only at high temperatures. Under 
these conditions chlorination and bromination take place and yield the 
corresponding halogenation products along with a halogen acid. 

RH + CI2 ► RCl + HCl 

RH + Br2 ¥ RBr + HBr 
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lodination, however, cannot be effected in this way; the reaction is 
reversible and the equilibrium lies far to the left, 

RH + 12 tm; RI + HI 

Direct chlorination or bromination of paraffins is seldom used to pre- 
pare the corresponding alkyl halides. This is because the reaction is 
difficult to control and invariably 3delds a mixture. Isopentane, for 
example, may yield four monochloro derivatives. 


CH3CHCH2CH2CI 

CHs 

CH3CCICH2CH3 

CH3 


CH3CHCHCICH3 

CH3 

CICH2CHCH2CH3 

CH3 


These in turn yield dichloro and polychloro derivatives so that the num- 
ber of possible products is very large. 

A commercial method (Sharpies) has been developed for controlling 
the chlorination of a mixture of pentanes so that the product consists 
largely of monochloro pentanes. These are converted by hydrolysis to 
the corresponding alcohols. This process is important because, whereas 
the mixture of chlorides is a poor solvent, the mixture of amyl alcohols, 
known as Pentasol, is a good solvent. Pentacetate, a mixture of acetates 
made from Pentasol, is used as a solvent for lacquers. 

It might be supposed that complete halogenation would be useful 
since it gives a single substance. Thus, carbon tetrachloride can be made 
by exhaustive chlorination of methane. However, the method is not 
used. Carbon tetrachloride is prepared industrially from the elements 
by the use of sulfur compounds. 

C + 2S > CS2 

CS2 + 3CI2 > CCI4 + S2CI2 

CS2 + 2S2CI2 ► CCI4 + 6 S 

Fluorination is generally unsuccessful because the reaction proceeds 
with such violence as to produce fundamental disruption of the hydro- 
carbon molecule. Alkyl and aryl fluorides are produced by indirect 
methods to be mentioned later. 

Certain generalizations can be made concerning the chlorination of 
saturated hydrocarbons in the absence of catalysts. One is that the 
replacement of a tertiary hydrogen atom* is easier than that of a second- 

♦ It is customary to use the terms primary, secondary, tertiary, and quaternary to 
designate carbon atoms which are attached, respectively, to one, two, three, or four 
other carbon atoms. In turn, hydrogen atoms are referred to as primary, secondary, 
or tertiary depending on whether they are attached, respectively, to a primary 
secondary, or tertiary carbon atom. 
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ary hydrogen atom which in turn can be replaced more readily than a 
primary hydrogen atom. At 300° the process is selective; the relative 
rates are primary, 1.00; secondary, 3.25; tertiary, 4.43. As the temper- 
ature is raised these ratios approach the values 1 to 1 to 1 ; i.e., at higher 
temperatures replacement tends to become pmely random. It has also 
been observed that when a second chlorine atom enters the molecule it 
does not attach itself to the carbon atom which already holds a chlorine 
atom. 

The chlorination of olefins has been foimd to take place readily under 
suitable conditions. The most important reaction of this type is the 
conversion of propylene to allyl chloride. 

CH 2 =CHCH 3 + CI2 ► CH 2 =CHCH 2 C 1 + HCl 

At 300° the reaction between chlorine and propylene is limited almost 
entirely to substitution, and yields of 80 per cent of the theory are 
obtained. The importance of this discovery lies chiefiy in the fact that 
allyl chloride can be used as a starting point for the synthesis of glyc- 
erol. 

Isobutylene is much more readily chlorinated than is propylene. It 
undergoes chlorination when the hydrocarbon and chlorine are brought 
together in the absence of light. 

CH2=CCH3 + CI2 V CH2=CCH2C1 + HCl 

CH3 CH3 

The reaction takes place rapidly in liquid films and on solid surfaces. By 
reducing the time of contact of the hydrogen chloride with the reaction 
product and with the excess isobutylene, the formation of by-products is 
minimized and good yields of methallyl chloride are obtained. The reac- 
tion is not greatly affected by temperature, but light causes reaction in 
the vapor phase resulting in the formation of the saturated dichloride 
instead of methallyl chloride. 

CH3C=CH2 + CI2 ► CH3CCICH2CI 

CH3 CH3 

Aromatic Compounds. The mechanism of the halogenation process 
with aliphatic hydrocarbons is not known, and only conjectures are at 
hand as to the nature of the corresponding reaction in the aromatic series. 
But it seems certain that the two processes are fundamentally different in 
type. Whereas the halogenation of paraffins is promoted by heat and 
light, aromatic hydrocarbons require very different treatment. They 
react with the halogens in the presence of certain catalysts — ^known as 
''carriers^^ — of which iron is by far the most useful. Moreover, the reao 
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tion takes place at relatively low temperatures and can be carried out in 
a controllable fashion. 

Mda directing groups such as NO2, CO2H, SO3H, and COR make the 
benzene ring less reactive whereas most of the oriho-para directing 
groups sensitize the ring. Thus, benzene derivatives in which the ring 
holds hydroxyl or amino groups react very readily with bromine and 
chlorine. Phenol, for example, is brominated rapidly at 0° without a 
catalyst to form p-bromophenol. 


OH OH 

A 

A 

1 

-f Br2 ► 1 

V 

V 

Br 


+ HBr 


On the other hand, the bromination of nitrobenzene requires a high 
temperature and a catalyst. In the presence of iron and at a tempera- 
ture of 135-145° a 60 to 75 per cent yield of m-bromonitrobenzene is 
obtained. 


NO 2 NO 2 


A 

c 

psi 

1 

1 

+ Br2 ¥ 

V 

' V 


-f-HBr 


Direct iodination is also frequently used in the aromatic series. Nitric 
acid, mercuric oxide, ferric chloride, and other oxidizing agents are used 
to destroy the hydrogen iodide, thus permitting the reversible reaction 
to proceed. For example, iodobenzene is made by allowing benzene to 
react with iodine in the presence of nitric acid. 

2C6H6 + I 2 + [OKHNOa) ► 2C6H6I + H 2 O 


The nitric acid oxidizes hydrogen iodide to iodine. 

Similarly, p-iodoaniline is formed when aniline reacts with iodine in 
the presence of sodium bicarbonate. In this instance the molecule is 
sensitive to oxidizing agents and hydrogen iodide is removed by the 
bicarbonate. 

C 6 H 6 NH 2 -h I 2 + NaHCOa ► P-IC 0 H 4 NH 2 -f- Nal + H 2 O -|- CO 2 

It mil be noted that in this procedure only half of the iodine appears in 
the organic product. 

Another device for introducing iodine involves the use of iodine chlo- 
ride. This reagent is made by adding chlorine to an equimoleculai 
amoxmt of iodine. 

► 2ia 


la + Cla 
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Iodine chloride reacts with p-nitroaniline to give the diiodo derivative. 


NO2 


+ 2IC1 


V 

NH2 


N02 


NH2 


+ 2HCI 


Similarly, salicylic add yields a diiodo derivative. 


^C02H 

[JoR 


+ 2IC1 


I^C02H 

IJoH 

I 


+ 2HC1 


It is to be noted that when a hydroxyl or amino group is present it 
determines the orientation of the derivative. For example, halogenation 
of m-nitroaniline gives derivatives (a, 6, and c) in which halogen atoms 
occupy positions ortho or para to the amino group. The meta directing 
influence of the nitro group is so small in comparison that practically 
none of the 1,3,6-derivative (d) is formed. 


NO2 

JInH2 

(a) 


NO2 

A 

\JnH 2 

X 

(6) 


NO2 

xA 

v!Inh2 

(C) 


N02 





The solvents most frequently used for halogenation are chloroform 
and carbon tetrachloride. They dissolve the halogens as well as a wide 
variety of organic compounds but only small amounts of the halogen 
acids. 

Many hydrocarbons contain aliphatic radicals joined to aromatic 
rings. Such radicals are known as side chains and the compounds are 
spoken of as mixed hydrocarbons. Halogenation of such substances usu- 
ally can be made to proceed exclusively in the ring or in the side chain by 
proper control of conditions. The presence of iron as a “carrier” favors 
nuclear halogenation whereas heat and light in the absence of the carrier 
cause side-chain halogenatioa Thus at high temperatures toluene may 
be chlorinated to give benzyl chloride, benzal chloride, or benzotrichlo- 
ride. 

CeHsCHs ► CsHsCHsa — > CeHsCHaa —4 CsHsCCla 
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In the presence of iron, however, it yields a mixture of o- and p-chloro* 
toluenes. 


CH3 

A 

V 



CHs 

^C1 

V 


and 



From a practical standpoint a reaction of this type is objectionable be- 
cause it gives a mixture. The isomers are frequently hard to separate 
and neither can be obtained in high yield. In the majority of instances 
the boiling points of the ortho and para isomers lie close together, the 
ortho compound having the lower boiling point. Fractional distillation 
is, therefore, difficult. However, the melting point of the para isomer 
is generally much higher than that of the ortho derivative. It often 
happens that the para compound will crystallize and can be separated 
from the ortho isomer by filtration. Table XXVI contains the melting 
and boiling points of some ortho and para compounds. 


TABLE XXVI 

Boiling Points and Melting Points or Some ortho and para Disubstituted 

Benzene Derivatives 



Ortho 

Para 

Substituents 

b.p. 

m.p. 

b.p. 

m.p. 

CH3,C1 

m 

1 

0 

162° 

7.5° 

CH3,Br 


~28 

185 

28.5 

CH3,N02 

222 

-11 
- 4 

238 

51.9 

CH3,NH2 


-16 

200 

45 

CH3,0H 


31 

202 

36 

OH, Cl 

176 

7 

0 

217 

41 

OH,Br 

195 

6.6 

238 

63.5 

0H,N02 

214 

45 

. . . 

114 

N02,C1 

246 

33 

242 

84 

N02,Br 

261 

43 

256 

127 

CH30,C1 

195 

, , 

200 

... 

CH30,Br 

221 


215 

13 

CH80,N02 

272 

9 

274 

54 


It is interesting to note that the methyl group in toluene is much more 
Inactive than that in a paraffin hydrocarbon. The phenyl group ev*- 
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dently activates the hydrogen atoms on the carbon atom joined to the 
benzene ring. This effect, however, is not appreciable at points farther 
along a side chain. For example, n-propylbenzene will take up two 
chlorine atoms readily, and both are found on the a-carbon atom. 

C6H5CH2CH2CH3 ¥ C6H5CCI2CH2CH3 

The remaining hydrogen atoms of the side chain possess a reactivity 
similar to that of paraffin hydrocarbons. 

Side-chain halogenation is difficult or impossible if the ring holds sensi- 
tizing groups such as hydroxyl or amino. Thus, even in the absence of a 
carrier, p-cresol reacts rapidly with bromine to form the dibromo deriva- 
tive. 


CH3 CH3 



The presence of alkyl groups on the ring facilitates halogenation. 
Mesitylenc undergoes nuclear substitution almost exclusively when 
treated with bromine even in the absence of catalysts. 

CH3 CH3 

I + Bra ► I -1- HBr 

CH3i^CIl3 CH3^JiCH3 

An alternate method for the introduction of the -CH 2 CI group con- 
sists in the treatment of an aromatic hydrocarbon with chloromethyl 
ether in the presence of stannic chloride. The process is known as chlo- 
romethylation. 

SnClt 

ArH -1- CICH2OCH3 ^ ArCHaCl ^ CH3OH 

The same result is achieved by using a mixture of paraformaldehyde 
and hydrochloric acid. The halogen atoms can be removed by hydro- 
genation; this is used as a method of methylation. Mesitylene and ani- 
sole, for example, have been progressively methylated to hexamethyl- 
benzene and pentamethylanisole, respectively. 

Carbonyl Compounds. Compounds which contain the group 
I /O 

-C-C can generally be halogenated easily to give monohalogen de- 
H ^ 

rivatives. This includes aldehydes and ketones, as well as acids and 
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their derivatives. This type of halogenation is extremely useful in syn-* 
thesis. The ease with which the reaction proceeds varies considerably 
and depends on the nature of the other groups in the molecule. 

The bromination of acetone has been studied extensively and will 
serve as an illustration of this type of halogenation. 

CH3C-CH3 + Br2 ¥ CH3C~CH2Br + HBr 

The remarkable ease with which this type of compound undergoes bro- 
mination is due to the activating effect of the carbonyl group and is 
more or less proportional to the reactivity of this group. This is in 
keeping with the fact that the halogen atom always replaces a hydrogen 
atom on the a-carbon atom. If there is no a-hydrogen atom halogcna- 
tion takes place no more readily than it does with saturated aliphatic 
hydrocarbons (p. 12). 

The only carbonyl compounds in which halogenation proceeds with 
difficulty are the acids. Even though an acid may contain one or more 
a-hydrogen atoms it will react only slowly with chlorine or bromine 
and not at all with iodine. This accords with the earlier observation 
(p. 89) that the carboxylic acids exist as chelated dimers and, thus, have 
no true carbonyl group. 

In many acid derivatives such as acid chlorides and anhydrides reso- 
nance effects are less pronounced, and these substances can be halo- 
genated with comparative ease. Methods for halogenating acids gener- 
ally involve catalysts which produce the acid chlorides or anhydrides as 
intermediates. The classical procedure for doing this is to treat the 
acid with red phosphorus and chlorine or bromine and then water. In 
the bromination of acetic acid, for example, the reactions involved are 
the following: 

3CH3CO2H + I Br2 + P ¥ 3 CH 2 COBr + H3PO3 + 3 HBr 

Br 

CH 2 COBr + H 2 O ► CII 2 CO 2 H + HBr 

ir Br 

This is known as the Hcll-Volhard-Zelinsky method. 

More recently it has been recognized that the same result may be 
attained by use of a trace of a phosphorus trihalide as a catalyst. This 
produces some acid halide which is then halogenated and in turn reacts 
with unchanged acid to ^ve more add halide. The reactions involved 
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in the bromination of an acid in the presence of a trace of phosphorus 
trichloride are as follows: 

3RCH2CO2H + PCI3 ¥ 3RCH2COCI + H3PO3 

RCH2COCI + Br2 ¥ RCHCOCl + HBr 

I 

Br 

RCHCOCl + RCH2CO2H ;=± RCHCO2H + RCH2COCI 

I I 

Br Br 


From these equations it is clear that only catalytic amounts of phos- 
phorus trichloride are needed. This mechanism is supported by the 
fact that acid chlorides are known to form equilibrium mixtures with 
acids. 

RCOCl + R'COall ±Z7 RCO2H + R'COCl 

It seems altogether probable then that in the Hell-Volhard-Zelinsky 
and other methods for halogenating acids operation is really on acid 
chlorides or anhydrides.* 

Compounds which have a methylene (CH2) or methinyl (CH) group 
between two carbonyl groups have a great tendency to enolize and con- 
sequently are very easily halogenated. Dibenzoylmethane, for example, 
absorbs bromine very rapidly to give a dibromide. 

C6II5COCH2COC6H5 + 2Br2 ► CeHsCOCBrgCOCeHs + 2HBr 


Similarly ethyl acetoacetate yields the a-bromo derivative. It is par- 
ticularly interesting that dry hydrogen bromide converts this ester to 
the corresponding 7-bromo derivative. Presumably the a-isomer re- 
acts with hydrogen bromide to give bromine which replaces a 7-hydro- 
gen atom. 


CH3COCH2CO2C2H5 + Br2 



CH3C0CHBrC02C2H5 



:!H2Coch2C02C2H5 

Jr 


lodination of enolic compounds can be effected by treatment with 
iodine using hydrogen peroxide to remove the hydrogen iodide. Ethyl 

* It should be pointed out that acid clilorides are themselves really acid anhydrides. 
Acetyl chloride, for example, is a mixed anhydride of acetic and hydrochloric acids. 
This explains the observation that acid chlorides and acid anhydrides have very 
similar chemical properties. 
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a-iodoacetoacetate is obtained in 90 per cent yields from ethyl ace- 
toacetate. 


Addition 

Olefins and Acetylenes. Chlorine and bromine react additivciy with 
olefins to form dihalogcn compounds. 

RCH=Cn2 + X 2 ► RCHXCri2X 

Chlorine enters into this type of reaction more readily than does bro- 
mine; iodine shows little tendency to combine with olefinic compounds. 
In fact, compounds in which two iodine atoms are held on adjacent car- 
bon atoms tend to decompose into iodine and olefinic molecules. Ethy- 
lene iodide, for example, forms when ethylene is passed into an alco- 
holic solution of iodine. If allowed to stand in the open it slowly dis- 
appears because of spontaneous dissociation into ethylene and iodine. 

CH2=CH2 + I2 t=; CH2ICH2I 

The synthesis of allyl iodide from glycerol, red phosphorus, and io- 
dine apparently depends on this phenomenon. The normal product, 
1 , 2 , 3 -triiodopropane, evidently loses iodine to give allyl iodide. 

CH2OH CH2I CH2I 

I P I -T2 1 

CHOH ^ CHI — > CH 

I I2 i 11 

CH2OH CH2I CH2 

Ally! iodide 

However, iodine chloride can be added to olefinic linkages. Both the 
Hiibl and the Wijs methods for determining the iodine number of fats 
depend on this reaction. In the former a chloroform solution of iodine 
and mercuric chloride is employed and in the latter a solution of iodine 
and iodine chloride is used. In these procedures iodine chloride rather 
than iodine is added to the double bonds. 

The addition of halogen acids to olefinic compounds is not much used 
as a method of preparing halogen compounds. The most important ex- 
ample is the addition of hydrogen chloride to ethylene to give ethyl 
chloride. This is carried out commercially by the use of bismuth tri- 
chloride as a catalyst. It is important primarily because of the use of 
ethyl chloride in the synthesis of tetraethyl lead. 

The addition of halogen acids generally follows Markownikoff^s rule, 
the halogen atom going to the carbon atom holding the fewer hydrogen 
atoms. It has been found, however, that the addition of hydrogen bro- 
mide takes place in the reverse sense if peroxides are present. This is 
known as the ^‘peroxide effect” and has been observed with such com- 



CONJUGATED SYSTEMS 239 

pounds as allyl bromide, vinyl bromide, propylene, and isobutylene; the 
double bond in every case involves a terminal carbon atom. 

TTRr TTRr 

RCHBrCHa < ^ RCH=CH2 ^ > RCHaCHaBr 

peroxides peroxides 

absent present 

The mode of addition of other hydrogen halides does not appear to be 
affected by peroxides. 

The addition of halogens and halogen acids to acetylene leads to a 
number of important derivatives of ethylene and ethane. 

HOCH + Bra ► CHBr-CHBr -2^ CHBraCHBrz 

HOCH + HBr ► CH 2 =CHBr 22^ CHgCHBra 


It is to be noted that in the addition of hydrogen bromide to vinyl bro- 
mide, ethylidene and not ethylene bromide is formed. This is in accord 
with Markownikoff^s rule. 

Conjugated Systems. A compound which has double bonds alternat- 
ing with single bonds is said to bo conjugated or to possess a conjugated 
system. Examples are 1,3-butadiene, benzalacetophenone, and benzene. 


CH 2 =Cn-CH=CH 2 1,3-Butadiene 


C6H5CH=CH-C=0 

iells 

CH 

/ \ 

CH CH 


i 


H CH 

\ / 

CH 


Benzalacetophenone 


Benzene 


Resonance is possible in all such systems and as a consequence they 
are less reactive than would be expected. The addition of halogens to 
benzene or benzalacetophenone, for example, is not rapid. Similarly, 
acrylic acid takes up bromine less readily than does ethylene. Olefinic 
linkages which are conjugated with several such groups or other nega- 
tive atoms or groups have little or no tendency to react with halogens 
Tetraphenylethylene and 1,2-dibromodiphenylethylene are examples. 

(C6H5)2C=C(C6H6)2 C6H5C=CC6H5 

Br Br 

Tetraphenylethylene 1,2-Dibromodiphenylethylene 
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The difference between bromine and iodine in this respect is well illus- 
trated by Kohler’s method of preparing a,/3-unsaturated ketones. The 
a,j3-dibromo compound is converted to the corresponding diiodo deriva- 
tive by treatment with potassium iodide. The diiodo compound, how- 
ever, breaks down spontaneously to give iodine and the unsaturated 
ketone. 


’ KI 

RCHCHCOR ¥ 

I I 

BrBr 


RCHCHCOR RCH=CHCOR 

I I 


Additions to conjugated systems frequently occur in an anomalous 
manner. Bromine and butadiene, for instance, give principally 1,4-di- 
bromo-2-butenc instead of l,2-dibromo-3-butene. 


CH2=CH-CH=CH2 
12 3 4 



CH 2 BrCH=CHCH 2 Bt 



CH 2 BrCHBrCH=CH 2 


Similarly, 1,3-butadiene reacts with hydrogen chloride, hydrogen bro- 
mide, and hydrogen iodide. The yields of the corresponding crotyl ha- 
lides are 52, 81, and 52 per cent, respectively. 

This mode of reaction is known as 1,4 addition. When hydrogen bro- 
mide reacts with benzalacetophenone the addition is believed to be ex- 
clusively 1,4. 

✓O r /OH 1 

CeHsCH^CHC-CeHs + HBr ► C6H5CHBrCH=C 

^CoHs. 

— ► C6H6CHBrCH2COC6H5 


The unstable enol, whose formation is postulated as the first step in 
the process, rearranges at once to a bromo ketone. It seems probable 
that the driving force of the reaction is the tendency of the oxygen atom 
to coordinate with a proton. The resulting molecular fragment might 
have either of the following forms: 

i/OH ! /OH 

RCH=CH-0 RCH-CH=C 

^R \R 

(a) (6) 

Form o offers an opportunity for the bromide ion to become attached 
to carbon atom 2, i.e., give 1,2 addition. Similarly form b gives the op- 
portunity for 1,4 addition. However, the product of 1,2 addition would 
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be extremely unstable and revert almost entirely to the parent sub- 
stances. This shows why the product is of the 1,4 type. It will be noted 
that this type of addition generally disregards Markownikoff’s rule. 

On the other hand, bromine reacts with a,/?-unsaturated carbonyl 
compounds in the 1,2 manner. This addition, however, is not as rapid 
as with olefins. 

In general, 1,2 and 1,4 additions are competing reactions when con- 
jugated systems are involved. The course of such reactions depends on 
many factors; these will be referred to frequently in subsequent sections. 

Hypohalous Acids. Hypohalous acids can be caused to react addi- 
tively with compounds containing ethylenic linkages: 

RCH=CH2 + HOX V RCHCH 2 X 

OH 

It is important to note that in this reaction the hydroxyl group appears 
to be the negative part of the hydrogen hypohalite molecule; it always 
attaches itself to the carbon atom which holds the fewer hydrogen atoms. 

Nitrosyl Chloride. Nitrosyl chloride reacts additively with olefins to 
give nitrosochlorides. For example, trimcthylethylene reacts as follows: 

(CH3)2C=CHCH3 + NOCl ► (CH3)2C-CHCH3 

Cl NO 

When heated or allowed to stand this nitrosochloride rearranges to the 
oxime. 

(CH3)2CClCHCn3 ¥ (CH3)2CC1CCH3 

I II 

NO NOH 

The nitrosochlorides are usually solid and have been used extensively 
in characterization work, notably in the terpene series. To prepare 
them it is not necessary to make nitrosyl chloride; a mixture of ethyl or 
amyl nitrite with concentrated hydrochloric acid will serve the same 
purpose. In crystalline form they are dimeric and colorless. In solu- 
tion or when melted they tend to revert to the monomers which are blue. 

Replacement of Functional Groups 

Introduction of halogen atoms by direct halogenation has proved to 
be of little value in the aliphatic series and even in the aromatic field 
frequently gives mixtures (of ortho and para isomers, for example) or is 
inapplicable because of unfavorable orientation tendencies. The intro- 
duction of a halogen atom at a particular point in a molecule is often 
effected by replacement of some other functional group already present 
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This is an especially valuable method in the aliphatic field where direct 
halogenation is of least value. 

Hydrosyl Groups. Most compounds containing hydroxyl groups may 
be transformed into halogen derivatives by the use of hydrogen halides, 
phosphorus halides, or thionyl chloride. The three most important 
classes to be considered are alcohols, phenols, and carboxylic acids. 
Alcohols, Alcohols react with hydrogen halides to give the correspond- 
ing alkyl halides. 

ROH + HX ► RX + H 2 O 

This is a very general and useful reaction. However, the rate and the 
yield vary considerably with the nature of the reactants. Thus hydro- 
gen iodide reacts more rapidly than does hydrogen bromide, which, in 
turn, reacts faster than does hydrogen chloride. The difference is illus- 
trated by the conditions which are most favorable for the transformation 
of n-butyl alcohol into the corresponding halides. 

CH3CII2CH2CH2I + H2O 


CH3CIl2CH2CIl2Br + Ih^ 

CH3CH2CH2CII2CI + H2O 

In a given series the tertiary alcohols react fastest and the primary 
alcohols slowest, with the secondary alcohols taking an intermeefiate po- 
sition. For example, the following butyl alcohols react with hydrogen 
bromide as indicated. 

(CH3)3C0H + HBr (CH3)3CBr + H 2 O 75% yield 

(excess) 

CH3CH2CHCH3 + HBr CH3CH2CHCH3 + H2O 

I i mole I 

OH 2 moles Br 80 - 85 % yield 

CH3CH2CH2CH20H + HBr CH3CH2CH2CH2Br + H 2 O 

1 mole 

2naoles 95-100% yield 

* A mixture of hydrobromic and sulfuric acids is conveniently prepared by passing 
sulfur dioxide into bromine, ice, and water until the bromine color is diseWged. 
The reaction is: Br2 4 - SO2 H- 2H2O — - ) 2HBr 4 * H2SO4. If an equimolecular mix- 
ture is desired, the calculated additional quantity of sulfuric acid is added. 


CH3CH2CH2CH2OH + HI 

(constant 

boiling) 

CH3CH2CH2CH2OH + HBr 5^^ 

1 mole 

( 48 %) 

CH3CH2CH2CH2OH + HCl 
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Although tertiary and secondary alcohols are more reactive than pri- 
mary alcohols, they generally form the halides in lower yields because of 
loss through side reactions. The chief among these is dehydration to 
the corresponding olefin. 

This difference in the rates at which alcohols react has been made the 
basis of the Lucas test, which was designed to distinguish between pri- 
mary, secondary, and tertiary alcohols. The alcohol is shaken with a 
solution of zinc chloride in concentrated hydrochloric acid at room tem- 
perature. Under these conditions a tertiary alcohol reacts at once and 
the mixture becomes turbid due to the presence of the insoluble alkyl 
halide. Secondary alcohols react within five minutes; primary alcohols 
fail to give alkyl chlorides unless the mixture is heated or allowed to 
stand several hours. 

There are some exceptions to the Lucas test, and among these allyl 
alcohol and benzyl alcohol deserve special mention. The presence of a 
double bond adjacent to the CH 2 OH group renders the hydroxyl group 
unexpectedly reactive. 


CH2=CHCH20H 




Allyl alcohol 
Benzyl alcohol 


iS^Samyl alcohol belongs to the same category. It reacts rapidly with 
hydrogen halides to give cinnamyl halides, but the isomeric 3-phenyl-3- 
halo- 1-propenes are formed simultaneously. 

C 6 Hr,CH=CHCH 2 X + H 2 O 


C6H6CH=CHCH20H + HX 


\ 


CeHsCHCH^CHg + H2O 

I 

X 


The group CH=CHCH20H is an example of a triad system. Such sys- 
tems generally lead to rearrangements of this type, known as allylic or 
1,3 rearrangements. Doubtless allyl compounds also undergo this type 
of rearrangement, but the two products are identical. 

A very interesting reaction is observed with glycerol, which with hy- 
drogen chloride gives the a, 7 -dichloro derivative, the primary alcohol 
groups reacting faster than the secondary. 

Phosphorus trichloride or tribromide may be used in place of the con 
responding hydrogen halide. 

3ROH + PXa ► 3EX + H 3 PO 3 
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These reagents are generally about as good as the hydrogen halides but 
are less frequently used. 

Phenols. Phenols sometimes react with phosphorus pentahalides to 
give low yields of aryl halides. The reaction is favored by the presence 
of nitro, carboxyl, and other mcia-directing groups when ortho or 'para to 
the hydroxyl group. Picryl chloride, for example, can be made satis- 
factorily by the action of phosphorus pentachloride on picric acid. 


'OH 

N 02/^02 


V 

N02 


+ PC15 


Cl 

N 02/^02 


+ POCI3 + HCl 


V 

NO2 


Carboxylic Acids. Carboxylic acids may be transformed into the corre- 
sponding acid halides by the action of thionyl or phosphorus halides 
(p. 95). 

Since the acid chloride is rarely made for its own sake but generally 
as an intermediate in the transformation of the acid into other deriva- 
tives it is especially convenient to use thionyl chloride. The excess re- 
agent is distilled and the residual acid chloride used directly for the 
next step in the synthesis. 

Thionyl chloride cannot be used in all cases. It converts succinic, 
glutaric, and phthalic acids to the corresponding anhydrides, and it fails 
to attack oxalic, tartaric, fumaric, and terephthalic acids. However, 
the addition of small amounts of zinc chloride and the use of higher 
temperatures bring satisfactory results with phthalic, fumaric, and suc- 
cinic acids. The preparation of phthalyl chloride in an 86 per cent yield 
is effected by treating the anhydride with thionyl chloride at 220^ in 
the presence of traces of zinc chloride. 

I J ) 


O + SOCI2 


/^OCl 


+S02 


When an add chloride is mixed with an organic add the following 
equilibrium is set up. 

/O ✓O 

RC + R'C izz RC + R'C 
^C1 X)H M)H Xil 

Advantage is taken of this to prepare more volatile add chlorides from 
less volatile ones. Thus acetyl chloride is conveniently made by iriiving 
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acetic acid and benzoyl chloride in equimolecular amounts and distilling 
the acetyl chloride (p. 95 ). 

Benzotrichloride can be used in this way. When it is heated with 
acetic acid an equimolecular mixture of benzoyl chloride and acetyl 
chloride is formed. 

C6H5CCI3 + CH3CO2H ► CH3COCI + CoHsCOCl + HCl 

The two acid chlorides arc easily separated by distillation. Another ex- 
ample of the use of benzotrichloride is the conversion of phthalic anhy- 
dride to the chloride. 


/\/ 


CO 

\ 




0 + C 8 H 5 CCI 3 


fl^COCl 


^;^ycoci 


+ CeHsCOCl 


The Amino Group. Direct replacement of amino groups by halogen 
atoms is rarely possible. It may be accomplished with a-amino acids 
by use of nitrosyl chloride or bromide. 

RCHCO2H + NOCl ¥ RCHCO2H + N2 + H2O 

]^H2 61 


It seems probable that an unstable diazo compound is formed as an in- 
termediate. The reaction goes smoothly only when the amino group is 
in the alpha position. 

An indirect method of great interest is due to von Braun. He was 
able to convert cyclic secondary amines into dibromo paraflSns by trans- 
forming them into benzoyl derivatives and treating these with phos- 
phorus pentabroinide.* In this way, for example, he made pentamethyl- 
ene bromide from piperidine. The steps in this transformation are 
probably the following: 


Br(CH2)6Br+C6H6CN 


( M ! 

CO BrnCpBr 

I l-l-j 

CeHs 1C^6 

* Phosphonis pentabromide is made by adding a mole of bromine to a mole of 
phosphorus tribromide. In the above example the tribromide and benzoylpiperidine 
are mixed in equimolecular proportions and to this mixture is added the theoretical 
amount of bromine. 


/CH. 

CH 2 CH 2 

CH 2 CH 2 

CH 2 CH 2 

1 1 ^ 

1 1 — 

1 1 — 

CH2^CH2 

^16 

CH2^CH2 

CHa CHa 
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The Diazonium Group. Primary aromatic amino groups may be 
replaced by halogen atoms indirectly by first converting them to the 
corresponding diazonium compounds (p. 119 ). 

Decomposition of a diazonium salt in the presence of hydrogen iodide 
yields the corresponding iodo compound. For the replacement by chlo- 
rine or bromine either the Sandmeyer (p. 120 ) or Gattormann (p. 120 ) 
method is used. 

The introduction of fluorine atoms requires a special procedure. After 
the diazotization is complete fluoboric acid is added; this gives an in- 
soluble borofluoride which is removed by filtration and dried. The dry 
salt is then decomposed thermally. 

ArN2Cl + HBF4 ► ArN2BF4 + HCl 

ArN2BF4 ■■"■"') N2 ”f“ ArF -j- BF3 

Another method involves the use of anhydrous liquid hydrogen fluoride, 
which has become available recently. The primary aromatic amine is 
dissolved in cold hydrogen fluoride and the solution is treated with so- 
dium nitrite and allowed to stand until the hydrogen fluoride (b.p. 
19 . 4 °) has evaporated. The residue consists of the aryl fluoride and 
sodium fluoride. 

ArNH2 > ArN2F ► ArF + N2 

The Carbonyl Group. Aldehydes and ketones react with phosphorus 
pentahalides to give the corresponding dihalogen derivatives. 

RCOR + PCls ¥ RCCI2R + POCI3 

This reaction is much used to convert methyl aryl ketones to acetylenic 
compounds. 

ArCOCHs S ArCa2CH3 ¥ ArCCl^CHa — ¥ ArOCH 

The first molecule of hydrogen chloride is easily eliminated, and the 
second can be removed by treatment with alcoholic potash. Aliphatic 
aldehydes yield 1,1-dichloro derivatives of the corresponding paraffins. 
Bourguel has shown that these can be dehydrohalogenated to acetylenic 
hydrocarbons. 

PCI KOH 

RCH2CHO — ¥ RCH2CHCI2 ¥ RChCH 

Halogen Atoms. Bromine and chlorine atoms, if sufficiently active, 
may be replaced by iodine atoms by dissolving the organic halogen com- 
pound in acetone and adding sodium iodide. Sodium iodide is soluble 
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in acetone whereas sodium bromide and chloride are not. Benzyl iodide 
is made from benzyl chloride in this way. 

CeHsCHaCl + Nal > CoHsCHgl + NaCl 

The speed of replacement of chlorine and bromine by this method va- 
ries with the nature of the radical to which the halogen atom is attached. 
By means of this reaction a method of wide applicability has been de- 
veloped for comparing the reactivities of the halogen atoms in organic 
compounds. 

It is probable that this replacement of chlorine or bromine by iodine 
is the cause of the catalytic effect of iodides on reactions which involve 
chlorine or bromine compounds. 

Fluorine atoms are commonly introduced by treating chlorine, bro- 
mine, or iodine compounds with antimony trifluoride. Antimony pen- 
tachloride is used as the catalyst. The important refrigerant, dichloro- 
difluoromethane, is made from carbon tetrachloride by this method. 

3CCU + 2SbF3 3 CCI 2 F 2 + 2SbCl3 

This synthesis can be simplified and made considerably cheaper by 
the use of anhydrous hydrogen fluoride in place of antimony trifluoride. 
A catalyst is necessary in the aliphatic series. Aromatic trifluoro- 
methyl compounds are made by chlorination of the methyl compound 
and replacement of the chlorine atoms with fluorine. Toluene and tw- 
xylene for example yield, respectively, benzo trifluoride and w-di(tri- 
fluoromet hy 1) benzene. 


CHs CCI 3 CFs 



The trifluoromethyl group is exceedingly resistant to attack by reagents. 
Vigorous oxidation of benzotrifluoride, for instance, destroys the ring 
and yields trifluoroacetic acid. 

CeHfiCFs ► FaCCO^jH 
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Other Halogen Compounds 

Vinyl halides are generally made from dihalides by the elimination of 
a molecule of halogen acid or by the addition of a halogen acid to an 
acetylenic compound as noted earlier. The most important vinyl hal- 
ide is vinyl chloride. It is made by adding hydrogen chloride to acety- 
lene or removing it from ethylene chloride. 

[ TT/^i TTr'i 

HOCH ► CH2=CIIC1 i CH2CICH2CI 

Vinyl chloride 

jS-Bromostyrene is generally made by boiling the dibromide of cinnamic 
acid with potassium acetate. 

CoHsCHBrCHBrCOsK ► KBr + CO2 + C(5Hr,CH=CHBr 

Chloroform, bromoform, and iodoform are easily made by the action 
of the corresponding hypohalite on ethyl alcohol or acetone (p. 81). 

CH3COCH3 + SNaOX > CHX3 + CH3C02Na + 2 NaOH 

Chloroform is made industrially by reducing carbon tetrachloride with 
iron and water. 

CCI4 + 2(H) ¥ CHCI3 + HCl 

A by-product of this reaction is tetrachloroethylene. 

2CCI4 + Fe ► CCl2=CCl2 + FeCl2 

Tetrachloroethylene can be condensed with chloroform in the presence 
of aluminum chloride to give heptachloropropane. 

CCl2=CCl2 + CHCI3 CCIaCClzCHCk 

ocHalogen ethers may be made by treating aldehydes with alcohols 
and hydrogen chloride. From methanol, formaldehyde, and hydrogen 
chloride, chloromethyl ether is obtained. 

CH3OH + CH2O + HCl ► CH3OCH2CI + H2O 

REACTIONS OF ORGANIC HALOGEN COBIPOUNDS 
Alkyl Halides 

Alkyl halides undergo a wide variety of reactions, most of which in- 
volve replacement of the halogen atom. They may be converted to al- 
cohols by hydrolysis, to amines by treatment with ammonia, to nitriles 
by reaction with sodium cyanide, to mercaptans by the action of sodium 
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hydrosulfide, and to thio ethers through interaction with sodium sul- 
fide. In spite of the multiplicity of such reactions only a few can be 
said to have practical value in synthetic work. Some of these will now 
be discussed briefly. 

The Wurtz Reaction. Alkyl halides react with metallic sodium to 
form paraffins in yields of 50 per cent or better. For example, n-octane, 
n-decane, and n-octacosane are made in satisfactory yields from n-butyl, 
n-amyl, and m3rristyl bromides, respectively. 

The Grignard Reaction. Alkyl halides in dry ether dissolve metallic 
magnesium to form Grignard reagents. These are of great value syn- 
thetically and will be discussed at length at a later point. 

The Formation of Nitriles. Alkyl halides react with sodium cyanide 
to give nitriles. Good yields are possible only with primary halides; in 
these cases yields of eighty to ninety per cent are often obtained. Ex- 
amples are benzyl chloride and n-butyl bromide, which produce, respec- 
tively, benzyl cyanide and valeronitrile. 

CGH5CH2CI + NaCN ► C6H5CH2CN + NaCl 

C4H9Br + NaCN ¥ C4H9CN + NaBr 

Alkyl Halides as Alkylating Agents. The foregoing reaction is only one 
of many in which alkyl halides react with metal derivatives by metath- 
esis, yielding alkyl derivatives. Another is the interaction of alkoxides 
and phenoxides with alkyl halides to give ethers. This is the William- 
son synthesis (p. 54 ) and serves as a general method for making mixed 
ethers in which at least one radical is aliphatic. As an example may be 
cited the preparation of anisole from sodium phenoxide and methyl 
iodide. 

CeHsONa + CH3I > CeHsOCHs + Nal 

A somewhat similar reaction is involved in the alkylation of active 
methylene compounds. Here, however, the alkyl group generally be- 
comes attached to a carbon atom. An example is furnished by the inter- 
action of n-butyl bromide and the sodium derivative of ethyl acetoace- 
tate to give ethyl n-butylacetoacetate. 

[CHaCOCHCOgCgHsJNa + C4H9Br ► CH3COCHCO2C2H5 + NaBr 

C4H9 

This important method will be discussed in detail in a later chapter. 

The ^edel-Crafts Reaction. A similar use is made of alkyl halides 
in preparing alkyl derivatives of aromatic hydrocarbons by the Friedel- 
Crafts method. The introduction of methyl, ethyl, or isopropyl groups 
offers no great difficulty, but the introduction of n^propyl or ?v-butyl 
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groups in this way is unsatisfactory. Rearrangement takes place to 
give chiefly the corresponding branched-chain alkyl derivatives. Thus, 
benzene and 7i-propyl chloride react in the presence of aluminum chlo- 
ride to give isopropyl- rather than propylbenzene. 

CeHe + CH3CH2CH2 CI CgH5CH(CH3)2 + HCI 


A remarkable feature of the alkylation of benzene by this method is 
that the alkyl groups take up the meta rather than ortho-para positions. 
Thus, benzene and ethyl bromide react to give 1,3,5-triethylbenzene. 


+ SCaHsBr 


AlCb 
2 moles 


C2H6 

/\ 


C2H5^^2H 


+ 3HBr 


Quatemaiy Ammonium Salts. When a tertiary amine is allowed to 
react with an alkyl halide a quaternary ammonium salt is formed (p. 112). 
These are generally solids and are sometimes used in the identification 
of such amines. An example is the formation of the methiodide of pyri- 
dine. 


CsHsN + CH3I 


■ CH ■ 

/ \ 

CII CH 

II I 

CH CH 

\ / 

N 

L CH 3 J 


I- 


The relative reactivities of alkyl halides as measured by the reaction 
with silver nitrate or in typical metathescs with alkali salts fall in the 
order RI > RBr > RCl and primary < secondary < tertiary. 


Aiyl Halides 

The Wurtz-Fittig Reaction. Aryl halides are comparatively inert 
toward most of the reagents listed for alkyl halides. Metals, however, 
attack them. Sodium is capable of coupling bromobenzene to give 
biphenyl. 

2C6H6Br -t- 2Na — ► CeHs-CeHs + 2NaBr 

This is the Fittig reaction. Unlike the Wurtz method, it gives very low 
jdelds because of the many side reactions. A valuable method, however, 
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is obtained by combining these. It is known as the Wurtz-Fittig reac- 
tion and is useful for fixing aliphatic side chains on aromatic rings. For 
example, n-butylbenzene can be made in good yields by treating a mix- 
ture of bromobenzcne and butyl bromide with sodium. 

1. CoHsBr + 2Na ► CoHsNa + NaBr 

2. CoHsNa + CoHsBr ^ CoHsCells + NaBr 

3. C 4 H 9 Br + 2Na > + NaBr 

4. C4n9Na + C 4 H 9 Br i CgHig + NaBr 

5. C4H9Na + CoHsBr ¥ C 6 H 6 C 4 H 9 + NaBr 

6 . CoHr,Na + C 4 H 9 Br ¥ C 6 H 5 C 4 H 9 + NaBr 

This is probably to be accounted for by the foregoing equations. Reac- 
tion 1 would be expected to proceed more rapidly than 3, thus giving a 
preponderance of sodiumphenyl over sodiumbutyl. Consequently, re- 
action 6 would be favored over 4 (Wurtz) or 2 (Fittig). 

The Ullmann Method. A useful modification of the Fittig reaction was 
developed by Ullmann who replaced sodium by copper powder. Yields 
as high as 80 per cent are obtained from aryl iodides; bromides and chlo- 
rides also give good yields if the halogen atom is situated in a position 
ortho or para to a nitro group. Thus from o-chloro nitrobenzene a 60 
per cent yield of 2,2'-dinitrobiphenyl results. 

NO 2 NO 2 NO 2 

/Nci fA rA 

21 I +2Cu y I |+2CuCl 

V V V 

The Grignard Reaction. With metals, aryl halides undergo three 
generally useful reactions. In addition to the Wurtz-Fittig and Ullmann 
reactions already mentioned is the formation of Grignard reagents. This 
reaction is general for aryl halides but its practical value is limited al- 
most entirely to the bromides. 

CcHsBr + Mg ► CeHsMgBr 

The iodides react readily but are expensive; the chlorides react only un- 
der very special conditions and then very slowly. This reaction will be 
discussed in detail in Chapter XX. 

Phenols and Amines from Aryl Halides. Commercial methods, 
involving heat and pressure, have been developed whereby chloroben- 
zene is converted to phenol or aniline. Phenol is made from sodium 
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phenoxide, which results when chlorobenzene is heated with sodium 
hydroxide. 

CeHsCl + 2NaOH ► CoHsONa + NaCl + H2O 


A by-product is phenyl ether. 

CcIIcONa + C0H5CI ¥ CgHsOCcIIs + NaCl 


The reaction producing it is suppressed by conducting the process in 
the presence of phenyl ether. 

Aniline is formed when chlorobenzene is heated at about 200° with 
ammonia (p. 114). , 

These reactions occur much more readily with aiyl halides which carry 
nitro groups in the ortho or para positions. For example, 2,4-dinitro- 
chlorobenzene reacts readily with ammonia to give 2,4-dinitroaniline. 


Cl 


I + 2NH3 

V 

NO2 


NH2 

P^N02 

V 

N02 


+ NH4C1 


The rapidity of the reaction is due to the activating effect of the nitro 
group on the halogen atom. That this effect is cumulative is scon in the 
behavior of picryl chloride, which undergoes hydrolysis with great ease 
to give picric acid. 


Cl 

02NA 


NO2 


NO2 


+ H20 


OH 

02N/\n02 


N02 


+ HCl 


This peculiar activating effect, exercised only when the nitro groups are 
situated ortho or para to the halogen atom, will be discussed again in 
connection with the chemistry of aromatic compounds. 

The Rosenmund-von Braun Nitrile Synthesis. Aryl halides have 
been shown in many instances to react with anhydrous cuprous cyanide 
with or without an added organic base such as pyridine. a-Chloronaph* 
thalene is converted to a-naphthonitrile in yields of over 90 per cent. 
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A study of the reaction between aromatic bromides and cuprous cya- 
nide has shown it to be autocatalytic. The reaction time can be short- 
ened by the addition of small amounts of cupric salts and nitriles. 

Vinyl Halides. Like aryl halides, the vinyl halides are inert to most 
of the reagents which are used to transform halogen compounds. They 
form Grignard reagents, however, and these are used occasionally. It 
is to be noted that this similarity between aiyl and vinyl halides may be 

traced to the fact that both types contain the structural unit, )>C=C“X. 

1 

When treated with solid potassium hydroxide or sodium amide, vinyl 
halides are transformed into acetylenic compounds. 

RCX=CH 2 + KOH > RCuCn + II2O + KX 

Allyl Halides. Allyl halides are distinguished by their unusually high 
reactivity. This is remarkable when contrasted with the inertness of 
vinyl halides. 

RCH-CIIX Vinyl halide 

RCII-CIICH2X Allyl halide 

CH-CH 

/• 'V 

CH CCH2X Benzyl haJide 

\ / 

CH=CH 

Benzyl halides have the allyl structure and, accordingly, show an en- 
hanced reactivity comparable with that of allyl halides. Allyl cyanide 
rearranges to crotononitrile in the presence of alkalies. 

CH 2 =CHCH 2 CN ¥ CIIsCII^CHCN 

For this reason cuprous cyanide rather than an alkali cyanide is used to 
convert allyl halides to the nitriles. 

CH2=CHCH2X -f CuCN > CH2=CHCH2CN + CuX 

a-Halogen Carbonyl Compounds. Halogen atoms which are situated 
on an a-carbon atom in a carbonyl compound are very reactive. This 
reactivity seems to vary as the reactivity of the carbonyl group or as 
the reactivity which a hydrogen atom would have in the alpha position. 
Thus the a-halogen atoms show the following order of activity: 
esters < ketones < aldehydes. 

o-HaJoaldehydes are not well known and have not been used widely. 
In many of their reactions they behave as though they had the struo 
ture of the isomeric acid halides. 

RCHBrCHO o-Bromoaldehyde 

RCH2C-Br Acyl bromide 
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It has been suggested that this pecuKar behavior is due to the formation 
of ketenes by dehydrohalogcnation of the aldehydes. 


echc^° 

ir 


RCH=C =0 


Such a ketene would exhibit many of the reactions of the corresponding 
acyl halide. For example, both are converted by water into the acid. 

RCH2COX + H2O V 

^ RCII2CO2H 

RCH=C =0 + H2O 

Chloral behaves in this manner. In the presencti of an alkali cyanide 
water and ammonia convert it to dichloroacetic acid and dichloroaceta- 
mide, respectively. 

CCI3CHO + H2O CHCI2CO2H + HCl 

NaCN 

CCI3CHO + 2NH3 CHCI2CONH2 + NH4CI 


Positive Halogen. Organic halogen compounds are known in which 
the halogen atom appears to be positive in nature; it tends to sepa- 
rate as X"*" rather than X~ in many reactions. Examples are given 
below. 

Rr CH2CO 

f / \ 

C6H6COCCO2C2HS (CH3)2C CBra 

'^CH2C^ 

XC(N 02)3 Br 2 C(C 02 C 2 H 5)2 CBr4 CCI3CHO 


CBr3COCBr3 



Compounds which’ contain positive halogen always tend to act as halo- 
genating agents. Such halc^en atoms are easily replaced by hydrogen 
under the influence of reducing agents or alkaline hydrolytic agents. 

It is a general rule that if a positive halogen atom is replaced by a hy- 
drogen atom the latter will show a tendency to enolize or to permit hy- 
drogen bond formation. It seems probable that enolization is always 
conditioned by hydrogen bonding. This assumption would permit the 
generalization that the factors which confer a positive character upon a 
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halogen atom likewise give bonding power to the hydrogen atom re- 
placing it. 

a-Halogen ketones undergo a variety of reactions involving the halo- 
gen atom. These arc very similar to those listed for alkyl halides. Phen- 
acyl halides (C6H5COCH2X) are unreactive to silver nitrate — an anom- 
aly which may be correlated with the tendency of halogen atoms in 
such compounds to assume a positive character. The halogen atom in 
a-halogen ketones is removed readily by alkaline reagents such as alco- 
holic potassium hydroxide or aqueous sodium acetate. 

Acyl Halides, Aeyl halides are generally very reactive, the aliphatic 
members being much more reactive than the aromatic. In general, 
these substances tend to react to give the corresponding halogen acid and 
in order to do this will attack any substance having a mobile hydrogen 
atom. Water, alcohols, ammonia, and primary and secondary amines 
are a few of these. 

RCOCl + II2O ► RCO2H + HCl 

RCOCl + 2NII3 ¥ RCONH2 + NH4CI 

Acyl halides are widely employed in the Friedel-Crafts synthesis of 
ketones (p. 96 ). For example, benzoyl chloride reacts with toluene in 
the presence of aluminum chloride to give phenyl p-tolyl ketone. 

CeHsCOCl + CeHsCHs CeHsCOCeaiCHs-p + HCl 

a-Halogen Ethers. The action of Grignard reagents on ct-halogen 
ethers furnishes a general method for preparing mixed ethers. 

ROCH2X + R'MgX y ROCH2R' + MgX2 

Treatment of an a,| 8 -dibromo ether with a Grignard reagent replaces 
only the alpha bromine atom. 

RCHCHOR + R'MgBr y RCHCHOR + MgBr2 

II II 

Br Br Br R' 

Halohydrins. These substances are hydroxy halides and react in 
much the same way as alkyl halides. The products are alcohols, how- 
ever, and may undergo subsequent transformations. 

Polyhalogen Compounds. Accumulation of halogen atoms on the 
same carbon atom tends to diminish their reactivity. This is exemplified 
by the stability of chloroform and carbon tetrachloride, neither of which 
will give a precipitate with silver nitrate. 

Exceptional in this respect are benzyl chloride, benzal chloride, and 
ben2iotrichloride — a series in which the ease of hydrolysis increases with 
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the increase in clilorine content. This recalls the exceptional behavior 
of allyl halides — a group with which benzyl halides may be classified. 
Also, as was mentioned in connection with the action of phosphorus 
pentahahdes on methyl aryl ketones, homologs of aryl halides of the 
type ArCX 2 CH 2 R readily lose one molecule of hydrogen halide to yield 
vinyl halides, ArCX=CHR. 

Chloroform reacts with primary amines in the presence of alkalies to 
give isonitriles or carbylamines — a reaction which serves as a test for 
the presence of primary amines. 

RNH 2 + CHCI 3 + 3NaOH ► RN^C + 3NaCl + 3 II 2 O 

The odor of an isonitrile is so peculiar and so strong that its presence 
cannot be overlooked. 

An important general reaction of 1,2-dihalogen compounds is their 
conversion to olefinic derivatives by the action of zinc. 

RCHXCHXR + Zn ¥ RCH=CHR + ZnXs 


A somewhat similar reaction may take place when 1,3-dihalogen com- 
pounds react with zinc. For example, 1,3-dibromopropane reacts with 
zinc to give cyclopropane, now used as a general anesthetic. 


CH2Br 

/ 

CH2 + Zn 

\ 

CH2Br 


CH 2 


cn2 

\i 

CH 2 

Cyclopropane 


+ ZnBr2 


This is an intramolecular Wurtz reaction discovered by Freund. Other 
cyclanes can be made by this method, but it is of practical value only 
for this one. 


PROBLEMS 


1. Indicate for each of the following compounds a convenient method of syn- 
thesis. The organic compounds used as starting materials are to be halogen-free . 
For each method state the reagents used and indicate the conditions, catalysts, 
etc., which favor the reaction. 


a. Br 



Br 


6. CeHfil 
c. CHBr=CHBr 


d. BrCHaCHaCOzH 
c. CICH2CH2CH2CI 

/. CH»<f ^CHs 

g. CH9CHCO2H 
Cl 
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h. C 6 H 8 CHCHCO 2 H 

I I 
Br Br 

i. CHCI2 


j. CgHbC-CHCH3 


CO2H 


1. Br<f ^COCHsBr 


2. Synthesize the following compounds from organic compounds containing 
no halogen, giving conditions, reagents, and catalysts. 


c. CH3CH2CH2CH2CI 

o. 02N<(^ ^C-Cl 

NO 2 d. Br/ ScHsCfrom toluene) ' 

b. CH3CH-O-CH2CH3 

Br e. CH3CHICH3 from CH3CHCICH3 

3 a. Arrange the following compounds in the order of their reactivity toward 
alcoholic silver nitrate. 

NO 2 



b. Arrange the following compounds in the order of their reactivity toward 
water and aqueous alkali. 

CHsCOCHBrCHjCHs CH 3 CHCICH 8 


/CHa 

CH 3 CH=CC 1 CH 

NDHa 


CHsCHaCHClOCHa 


CH3CH2I CH3CH=CHCH2Br 

4. For each of the following compounds give a useful method of synthesis in- 
volving the introduction of halogen into the molecule. Indicate the reagents and 
special conditions used. 

a. CHa b. CHaCHClCHs 

c. NO*/ Sci 


d. CeHBCOCHBr* 
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e. NH2<^ y 
Cl 


Br 


j. CHF, 


1. CH 3 CHCHCO 2 CH 3 

1 I 

Br Br 


/On 

m.. ^ 

COCl 

/. CHu-CHCHaCl 

I 1 


g. f/ ScOCbHb 


Cl 

/ N 

n. fumaryl chloride 

h. Br^ ^ 

0 . phthalyl chloride 

Br 

p. CH2=CHC1 

‘■/V\ 

q. CHsCnCHaCl 


OH 

r. CH3COCH2I 
5. CHClaCOCl 
L CH2=CHCH2C1 
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CHAPTER XX 


ORGANOMETALLIC COMPOUNDS 


HISTORICAL 

The term organometallic is used to denote those substances in which 
a metal is joined directly to carbon. The first of these to be made was 
diethylzinc, prepared by Frankland in 1849 from ethyl iodide and the 
metal. 

2 C 2 H 5 I "f" 2Zn ) (C 2 H 6 ) 2 Zn -h Znl 2 

The alkylzinc compounds, although inflammable and difficult to handle, 
proved invaluable. They were volatile and their molecular weights 
could be determined. This was of great assistance in assigning the 
proper valence to the metal. Moreover, these compounds were useful 
in synthesis, serving many of the purposes for which we now use the 
Grignard reagent. 

As time went on, organometallic derivatives containing other metals 
were synthesized. Among these are compounds of magnesium, lithium, 
mercury, lead, and aluminum. Nearly all the metals are capable of 
forming such derivatives. 

It will be convenient to discuss the magnesium compounds first since 
they have been carefully studied and illustrate most of the types of 
reactions found in the entire group of organometallic compounds. 


THE GRIGNARD REAGENT 

The Grignard reaction was first effected by Barbier in 1899. By 
treating a methylheptenone with methyl iodide and magnesium he pre- 
pared the corresponding dimethylheptenol. 


(CH3)2C=CHCH2CH2C0CH3 




(CH3)2C=CHCH2CH2C(CH3)2 


OH 


In 1900 Grignard divided the synthesis into two steps, the first of which 
is that known by his name. 

RX + Mg ► RMgX 

259 
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Preparation. Grignard reagents are nearly always prepared by the 
interaction of the halogen compound and magnesium in ethyl ether. 
Other ethers or tertiary amines are used also, and in some instances the 
solvent is dispensed with. Nearly all organic halogen compounds give 
Grignard reagents, exclusive, of course, of those which contain func- 
tional groups which are attacked by the reagent. 

As has been indicated, alkyl and aryl chlorides, bromides, and iodides 
form RMgX derivatives. Aryl chlorides react only under special con- 
ditions. 

Allylmagnesium bromide can be made only by slow addition of a 
solution of the halide to finely divided magnesium. 

CH2=CHCH2Br + Mg ¥ CH2=CHCH2MgBr 

This serves to suppress the coupling reaction, 

CH 2 =CHCH 2 MgBr + CH 2 =CHCH 2 Br 

► CH2=CHCH2CH2CH=CH2 + MgBr2 

In order to initiate reaction between the hahde and magnesium it is a 
general practice to add a crystal of iodine to the mixture. Magnesium 
iodide, hydrogen iodide, and methylmagnesium iodide have been used 
for the same purpose. Sometimes the metal is activated by preliminary 
heating with iodine or by treatment with an alkyl halide. The only 
theory yet put forward which explains the action of these catalysts is 
that which postulates a magnesious halide as the true catalyst. 

Success in difficult cases has been achieved by the ‘^entrainment^' 
method. Bromopentamethylbenzene, for example, is mixed with ethyl 
bromide and the mixture allowed to react with magnesium. 

C^CHa 

CH3<^~^Br + Mg > CH3<("“~^MgBr 

CHTCHs CHiCH3 

The reaction between ethyl bromide and the metal serves to induce the 
^1 bromide to react. 

Structure. The role played by ethers in the preparation and use of 
the Grignard reagent is probably to form coordination compounds with 
the RMgX molecule. 

R:0:R R:6:R 

R:Mg:X: and R:Mg:X: 

•• • • •• 

R:0:R 
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Actually, there is evidence that RMgX forms both a mono- and a 
di-etherate. These probably have the constitution indicated above. 
This type of combination is possible for electron donors which do not 
react otherwise with the reagent. Pyridine (p. 455) is an example, and 
it has been used in place of an ether as solvent. 

Of great interest is the fact that solutions of Grignard reagents con- 
duct an electric current, and because of this it is generally believed that 
the reagent tends to dissociate into the ions R”, X”, RMg“^,and 

MgX"^. It is believed that the following equilibrium also exists in solu- 
tions of the reagent. 

2RMgX tzi; RsMg + MgX2 


Evidence for this is the fact that addition of dioxane (p. 60) causes all 
the halogen to be precipitated as MgX 2 and RMgX. The halogen-free 
solution still has the characteristic properties of an organometallic 
derivative. These must be due to the presence of R 2 Mg. 

So far all the reactions of the Grignard reagent can be explained satis- 
factorily by use of the simple formula RMgX. 

Analysis. A qualitative test for the Grignard reagent consists in 
mixing the solution with Michlcr’s ketone in benzene, adding water and 
anally iodine. 



RMgX 



h 

CH8CX)2H^ 


(CH3)2N=<^3^=9“<dr^N(CH3)2 

R 


X- 


If RMgX is present a green-blue color is observed. 

Methylmagnesium halides react with water to give methane, and 
advantage is taken of this to determine the amount of reagent present. 
All that is necessary is to collect the gas and measure its volume. This 
method is applicable to a few other Grignard reagents — those which 
yield gaseous hydrocarbons. 

A general method of quantitative estimation consists in decomposing 
the reagent with water and titrating the basic magneaum salt with 
standard add. 

RMgX + H 2 O ► RH -1- Mg(OH)X 

Mg(OH)X + HX ► M^2 + H 2 O 
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Reactions of the Grignard Reagent 

The reactions of the Grignard reagent are very numerous and lead to 
a wide variety of products. The types of reactions are, however, few 
in number. It will be helpful to consider each type separately. 

Compounds Containing Active Hydrogen Atoms. Water, alco- 
hols, primary and secondary amines, many amides, and sulfhydryl com- 
pounds decompose the Grignard reagent. 

RMgX + H 2 O ^ RH + Mg(OH)X 

+ r'OH ►RH + MgCOROX 

+ R'NHa ► RH + Mg(NnR')X 

+ R'SIi ►RH + MgCSROX 

The decomposition of a Grignard reagent with heavy water produces 
a deuterium compound; phenylmagnesium bromide yields monodeutero- 
benzene. 

CoHsMgBr + D 2 O ¥ CcHsD + Mg(OD)Br 

In general, a hydrogen atom attached to any element other than carbon 
will react in this manner. Such hydrogen atoms are said to be active. 
Many carbonyl compounds give this reaction also because they react in 
the enol modification, e.g., ethyl acetoacetate reacts with methylmag- 
nesium iodide to give 1 mole of methane. 

OH OMgl 

CH3C=CHC02C2H5 + CHsMgl ► CII4 + CH3C-CHCO2C2H5 

There are some instances in which hydrogen on carbon is suflBciently 
reactive to decompose the reagent. Acetylene is an example. 

2RMgX + HC=CH ¥ 2RH + XMgC=CMgX 

The reaction of active hydrogen compounds with RMgX compounds 
is occasionally employed to make hydrocarbons. Its common use, how- 
ever, is in analytical work. It forms the basis of the Tschugaeff-Zere- 
witinoff method of determining active hydrogen atoms. This method 
consists in treating a weighed amount of the compound to be tested 
\pth an excess of a methylmagnesium halide and measuring the methane 
evolved. One mole of resorcinol, for example, gives 2 moles of methane. 
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AiOH 


/\ 


+ 2CH3MgI 


2 CH 4 + 


OH 


|OMgI 


OMgl 


A modification of this method is due to Kohler. He devised a means 
of preparing and storing a standard solution of methylmagnesium iodide. 
An excess of the reagent is used and after the reaction is complete the 
unused reagent is determined by addition of water and measuring the 
methane evolved. If 1 mole of benzoin is treated with 3 moles of reagent 
it will be found that 1 mole of methane is evolved at once and that a 
total of 2 moles of reagent is used. This leads to the conclusion that the 
molecule contains a carbonyl group in addition to one active hydrogen 
atom. 

/OMgX 

CcHsCO ^ 2Cn3MgX ► + CH4 

CuHsCHOII CeHsCHOMgX 


It is most important to avoid this type of reaction in synthetic work. 
Thus the ether and reactants should be free from water, alcohols, and 
all other compounds which have active hydrogen atoms. It is to be 
emphasized that this type of reaction is faster than those generally 
sought in synthetic work. When salicylaldehyde, for instance, is treated 
with a Grignard reagent the hydroxyl group decomposes the reagent 
before the aldehyde group is attacked. 


/\OH 

+ RMgX 

i^HO 


I^OMgX 


+ RH 


j 

2. O^^gen, Sulfur, and Halogens. Chemiluminescence is observed 
when a Grignard reagent is exposed to air or oxygen; BrMgCeH^MgBr 
gives a particularly intense glow. The reaction is a complex one and 
seems to consist of the following steps. 


RMgX + O 2 — ► R02MgX 

Peroxide 

R02MgX + RMgX — ► 2ROMgX 


From the alcoholate so formed the alcohol is obtained by treatment with 
dilute acids. 


ROMgX + HX 


ROH + MgX2 
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The absorption of oxygen is very rapid, and care must be taken to 
exclude it from the apparatus containing the reagent. This is generally 
done by using a volatile ether as solvent. Ethyl ether vapors, for 
example, flow out of the apparatus so rapidly as to prevent the oxygen 
from entering. 

Aliphatic reagents lead to high yields of the corresponding alcohols 
but this has little or no synthetic value since the halides used in prepar- 
ing reagents in the first place are generally made from the alcohols. 

In the aromatic scries where the reaction might be useful it is much 
more complex. Only unsatisfactory yields of phenols can be gotten in 
this way. 

Sulfur reacts similarly, giving rise to mercaptans and thiophenols. 
Rubber stoppers normally contain uncombined sulfur and if the reagent 
is allowed to comt^ into contact with them the product will be contami- 
nated with unpleasant-smelling sulfur derivatives. 

Halogens cleave RMgX compounds as follows: 

RMgX + I2 ► RI + I^IgXI 

This reaction gives excellent yields of iodo compounds and provides a 
method for getting these from the corresponding chloro or bromo com- 
pounds. Propyl bromide, isoamyl chloride, bromobenzene, and p-bromo- 
toluene give the corresponding iodo derivatives in yields of 80 per cent. 
^^3. Addition Reactions. Compounds containing double or triple bonds 
generally react additively with the reagent. The common types of 
linkages are C=0, 0=8, C=N, C=N, N=0, and N=N. Ethylenic and 
acetylenic linkages do not react in this manner. This is not surprising, 
for one would not expect a magnesium atom to show any great tendency 
to leave one carbon atom for another. 

Aldehydes, the most reactive of the carbonyl compounds, combine 
readily with RMgX to give alcoholates from which secondary alcohols 
are obtained by hydrolysis. 

Q OMgX OH 

RC-H + R'MgX > r 6 hR' ^ RCHR' 

Formaldehyde, as already noted (p. 71), leads to the formation of 
primary alcohols. 

HX 

RMgX + CH2O ► RCH20MgX — > RCH2OH 

The reaction is useful in building up a carbon chain (p. 85), e.g., octyl 
and undecyl alcohols are made from their next Iowct homologs in tWs 
way. Cyclohexylcarbinol is obtained from cyclohexyl chloride in 66 to 
76 per cent yiel^ by this method. 
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CHCl 

/ \ 

CH2 CH2 

I I 

CHa CH2 

\ / 

CH2 


CHMgCl 

/ \ 

CH2 CH2 

1 I - 

CH2 CH2 

\ / 

CH2 


CHCH2OH 

/ \ 

CH2 CH2 

I 1 

CH2 CH2 

\ / 

CH2 


If excess aldehyde is present the carbinolatcs may undergo oxidation. 
Under these conditions, for example, benzaldehyde and ethylmagnesium 
bromide give propiophenone. 

OMgBr 

CeHsCHO + CallsMgBr > CcHsCIICsHs 

CJbCHO 

> CellsCHzOMgBr + CeHsCOCaHs 


The halomagnesium alcoholates also catalyze condensation reactions of 
the aldol type. In most cases, therefore, an excess of Grignard reagent 
must be present if good sdelds are to be obtained. This is accomplished 
by using an excess of this reagent and adding the other reactant to it 
gradually. 

Ketones are converted to tertiary alcohols by the Grignard method 
(p. 78 ). 

R R 


RCOR + R'MgX ¥ R-COMgX ^ R-COH 

Bf Bf 


In practice this method of making tertiary alcohols is limited to those 
in which the three radicals are different. An example is the synthesis of 
ethylmethylphenylcarbinol from acetophenone and ethylmagnesium 
bromide. 

OMgBr p XT 

CsHsCOCHs , c«Ht(!:-CHs ChS^OH 

Ketones which have large and complex radicals often react very slowly, 
and reduction is then frequently observed. 

R R\ 

'"00 + RCH 2 CH 2 MgX ¥ ^CHOMgX + RCH=CH 2 

R/ R/ 


Acids contain one active hydrogen atom and react with RMgX to 
give 1 mole of hydrocarbon. The salt will react with any excess reagent; 
in this way carbinols form. 
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The rate of the first reaction is faster than that of the second, and if the 
process is properly conducted the ketone can be isolated. Similar results 
are obtained with acid anhydrides. 


S) 


RC^ 


/ 


P + R'MgX 


RC 


0 


R 0,'MgX) 

/ 


R 

\ 


1/ 


C=0 


The use of an excess of reagent converts both acid chlorides and anhy- 
drides to the corresponding tertiary alcohols. 

/O 

Amides of the t 3 rpes RC-NII 2 and RC-NHR have active hydrogen 
and decompose the reagent. Useful synthetic methods have, however, 

/O 

been developed, employing amides of the type RC-NR 2 . The reagent 
reacts with them to give a fairly stable intermediate which can be iso- 
lated and decomposed; ketones are formed. 

0 R OMgX 

RC^ + R'MgX ► V 

^NR2 R^ ^NR2 

R ofMgXl R 

y// / > )c=0 + MgXNRz 

sf |NRa/ 1/ 


Formamides of this type lead to the production of aldehydes 
(Bouveault^s method). 



\N(C2H5)2 




Carbon dioxide is useful in the synthesis of acids from the Grignard 
reagent. 

✓O HX 

RMgX + C — > RC — ► RC 

H) NDMgX ^OH 


This reaction is run at low temperatures to prevent transformation of 
the salt into the carbinol. 
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/° 

RC + RMgX- 

OMgX 


R 


/V . 

R rpMgXj 


R 

\ 


R 


/ 


;c=o 


^C=0 + RMgX » R^COMgX 

K R^ 

Dry-ice can be used advantageously since it not only furnishes the car- 
bon dioxide but acts as a refrigerant as well. Moreover, the reagent can 
be poured on the dry-ice, thus obtaining a more favorable concentration 
of the reactants. The synthesis finds use in the preparation of acids 
from secondary and tertiary halides, which do not react smoothly with 
alkali cyanide to give nitriles. An example has already been given 
(p. 65). 

TABLE XXVIT 
1,2 AND 1,4 Addition 


i 

Per Cent of 1,4 Addition 


C2H5MgBr 

CeHeMgBr 

CH2=CHCH0 

0 

0 

CH3CH=CHC0CH3 

75 

40 

CH3\ 

C=CHCOCHs 

CH®/ 

0 

0 

C6H6CH=CHC0CH3 

60 

12 

C6H5CH=CHC0CH2CH3 

71 

40 

C6H6CH=CHC0C^^^ 

\CH3 

100 

88 

C6H6CH=CHC0C(CH3)3 

100 

100 

C6H5CII=CHC0C6H6 

99 

94 

CeHftteCCOCeHj 

... 

0 


Ketones and esters containing a conjugated system of tne type 
Q=0-C==<) may react with the Grignard reagent either in the 1,2 oi 
the 1,4 manner. 
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.0 


RCH=CHC + R"MgX 
^R' 



,0MgX 

RCH=CHC-R' 

V' 

R /OMgX 

\3HCH=C 
R^ R' 


The mode of the addition depends on the nature of R, R', and R". If R 
is large 1,2 addition is favored. If R' is large 1,4 addition is favored. 
Aliphatic reagents (R" equals alkyl) favor 1,4 addition whereas aro- 
matic reagents (R" equals aryl) favor 1,2 addition. Frequently both 
1,2 and 1,4 addition occur simultaneously. The examples given in 
Table XXVII illustrate these generalizations, 

1,4 Addition is also known to occur in lateral-nuclear systems such as 
are found in benzalquinaldine and a,j8-diphenylbenzalacetophenone. 




CeHsMgBr ^ H20^ 


^j^JcH2CH(C6H5)2 


(C6H5)2C=C CCeHs 

('jeHs O 

CeHtMgBr ^ 


(C6H6)2C=C 


CH=CH 

C==€'^ \!H 

OMgBr 

/ 

CeHs 


In the latter instance the reaction does not take place under ordinary 
conditions; to bring it about most of the ether is replaced by benzene 
and the higher-boiling solution is allowed to reflux. This is called 
“forcing.” 

Among the most reactive carbonyl compounds are the ketenes and 
the isocyanates. They react rapidly with the Grignard reagent and 
yield, respectively, ketones and amides. 


CH2=C=0 + RMgX 


/OMgX H2O 
CH2=C -^4 

''R 


CH2=C 


,0H' 


''R 


/O 

CHaO-R 
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RN=C=0 + R'MgX 


RN=C 


/OMgX H 2 O 
^R' 


/OHl 

RN=C 

^0 

> RNHC 

^R' 


The Grignard reagent reacts with nitriles to give imine derivatives 
from which ketones are formed by hydrolysis. 

R R R 

RON + R'MgX > ^C=NMgX '"c=NH ^ ^C=0 

/ / / 

R' R' R' 


The method is applicable to aliphatic nitriles in which R is primary and 
larger thah methyl. Aromatic nitriles that have no oriho substituents 
also undergo the reaction. Satisfactory yields are obtained only when 
4 moles of reagent arc used for 1 mole of nitrile. 

The electronic formula of sulfur dioxide indicates that one oxygen 
atom is linked to the sulfur atom by a double bond. 

:b:S::0 or 0-S=0 

• • • • 

The addition reaction with the Grignard reagent is that which would be 
predicted on the basis of this formula. The products are sulfinic acids. 

/O /OMgX HsO 

RMgX + S-0 — \ RS RSO 2 H 

X) 

The use of the Grignard reagent with polyfunctional molecules brings 
up the question of relative reactivities of the groups. Enteman and 
Johnson, using phenylmagnesium bromide, have established the follow- 
ing order: 

-CHO > -COCH 3 > -NCO > -COF > -COCeHs > -COCl 

> -COBr > -CO 2 C 2 HS > -C^ 

The fact that -COF stands ahead of -COCl appears to show that the 
reaction is additive and not metathetical. 

''^4. Cyclic Ethers. Ethers in general are unaffected by the Grignard 
reagent, but three- and four-membered cyclic ethers undergo reaction 
with accompanying opening of the ring. Ethylene oxide is used to 
lengthen the carbon chain. 

‘ c£^H 2 + RMgX — \ RCH2CH20MgX ^ RCH 2 CH 2 OH 
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Propylene oxide reacts similarly but yields secondary alcohols. 

CII3CH-CH2 + RMgX > CH3CHCH2R ^ CH3CHCH2R 

(I)MgX (!)H 

Although trimethylene oxide reacts to form primary alcohols, it has not 
found general application in the lengthening of carbon chains; the yields 
are not high and the oxide has been a relatively rare reagent. 


CH2CH2CH2 + RMgX 


RCH2CH2CH20MgX 

RCn2CH2CH20H 


6. Ortho Esters. Orthoformic esters react with Grignard reagents, to 
give acetals of aldehydes. 

/OR /JR /OR 

HC-OR + R'MgX ► R'-C-OR + Mg 

''OR ^ ''X 

This has been used in the preparation of aldehydes. 

Orthocarbonic esters, similarly, lead to acetals of ketones. 

OR R' OR OR 

RO-C-OR + 2 R'MgX ► + 2 Mg'' 

I / \ \ 

OR R' OR X 

6. Alkylation by Means of the Grignard Reagent. Compounds such 
as allyl bromide and benzyl chloride which contain very reactive halo- 
gen atoms are frequently alkylated by interaction with RMgX. 

CH2=CHCH2Br -|- RMgX RCH2CH=CH2 + MgXBr 

C0H5CH2CI + RMgX ► C6H6CH2R + MgXCl 

The important method of Lespieau and Bourguel is bsised on this 
reaction. Bromoallyl bromide reacts with butylmagnesium bromide, 
for example, to give a bromoheptene which is converted to 1-heptyne 
by the action of alkali. 

Br Br 

C4HeMgX + BrCH2C=CH2 > C 4 H 9 CH 26 =CH 2 ► CsHuCsCH 

o-Halogen ethers are alkylated readily. 

RCHOCH2R + R'MgX ¥ RCHOCH2R + MgXCl 

h i' 
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Esters of sulfonic acids resemble alkyl halides in this respect. 
RSO3R' + R"MgX — ¥ R'-R" + RSOsMgX 


Alkyl sulfates behave similarly. ?i-Propylbenzene is made in 3 delds of 
70 to 75 per cent by the interaction of benzylmagnesium chloride and 
ethyl sulfate. 

CeHsCHaMgCl + 2(C2H5)2S04 

¥ C6H6CH2CH2CH3 + C2H.r,Cl + (C2H5S04)2Mg 


Similarly, isodurcne is formed by treating mesitylmagnesium bromide 
with methyl sulfate. 

CHa 

CHs^^'^MgBr + 2(CH3)2S04 

^ CH 3 

_CH 3 

¥ ^CHa + CHaBr + (CH 3 S 04 ) 2 Mg 

CH3 


The similarity of alkyl sulfates and alkyl halides is readily understood 
if it is recalled that both are in reality esters which, however, have no 
multiple linkages which the Grignard reagent may attack. 

A useful application of this method is found in alkylation by means 
of 7 -chloropropyl sulfonates. 


BS;^0 


0-|CHaCH;CHaCH-C,HtCHa|MgCl- 


C,HjCHsCH,CH,CHjCl+RSO,Mga 


Many inorganic halides are alkylated by treatment with RMgX. 

AsCls + 3RMgX ¥ RaAs + 3MgXCl 

HgCl2 + 2RMgX ► R2Hg + 2MgXCl 

SbCls + 3RMgX ¥ RsSb + 3MgXCl 

Bids + 3RMgX ¥ RsBi + 3MgXCl 

SnCU + 4RMgX ¥ R 4 Sn + 4MgXCl 

2PbCl2 + 4C2H5MgBr ¥ (C 2 H 6 ) 4 Pb + Pb + 4MgClBr 

7. Coupling of the Grignard Reagent. Compounds containing veiy 
reactive halogen atoms tend to couple the alkyl groups of the reagent. 
Thus cupric chloride converts benzylmagnesium chloride , largely to 
bibenzyl. 
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2C6H6CH2MgCl + 2CuCl2 

i CGH5CH2CH2C6H5 + 2CuCl + 2MgCl2 

Silver bromide is particularly effective; by its use tiigh yields have 
been obtained of coupling products such as biphenyl, bianisyl, n-octane, 
and bicyclohexyL Other metal salts also have been used. In all cases 
the salt acts as an oxidizing agent. 

Organic halides may also bring about coupling. For example, benzyl 
chloride reacts with methylmagnesium iodide to give about 75 per cent 
yields of bibenzyl. 

2C6H5CH2CI + 2 CH 3 MgI ► C 6 H 5 Cn 2 CH 2 C 6 H 5 + C2H6 + 2 MgICl 

A certain amount of alkylation is also observed. 

CGH5CH2CI + CHaMgl ► C6H5C2H5 + MgICl 

Most of the coupling reactions of the latter type involve benzyl halides 
or their derivatives. Benzal chloride and benzotrichloride are inter- 
esting examples. With methylmagnesium iodide they yield, respectively, 
stilbene chloride and tolane tetrachloride. 

2C6H5CHCI2 + 2 CH 3 MgI 

► CgHgCHCICHCICgHs + CH3CH3 + 2 MgICl 

2C6H5CCI3 + 2 CH 3 MgI 

► CGH5CCI2CCI2C6H5 + CH3CH3 + 2 MgICl 

It is remarkable that hindered benzoyl chlorides undergo this type of 
coupling also. From mesitoyl chloride and methylmagnesium iodide 
mesitil is obtained. 

CH3 CH3 CH3 

2CH3<^ ^COCl + 2CH3MgI 

Mesitoyl chloride Mesitil 

+ CH3CH3 + 2 MfeICl 

Azo compounds react with the Grignard reagent in a peculiar manner. 
Each nitrogen atom takes up MgX and the alkyl groups couple or un- 
dergo disproportionation. 

C6H8N=NC6H6 + 2 RMgX > CeHsN NCeHs + 2 R- 

IVIgX MgX 

2R- -—4 R-R (coupling) 
2R'CH2CH2- — ^ R'CH 2 CH 3 + R'CH=CH 2 (disproportionation) 




When primary alkyl groups are present the addition or normal re- 
action always predominates. Complications arise, however, when 
branched radicals are involved. Table XXVIII shows some of these 
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Aryl- and alkyllithiums can be prepared in the same manner as RMgX 
compounds and arc sometimes more useful. As an example, benzalace- 
tophenone reacts with phenyllithium chiefly in the 1,2 manner. 

Organozinc compounds are less reactive than the corresponding mag- 
nesium compounds. This is well illustrated by the fact that dialkyl- 
zincs can be handkid in an atmosphere of carbon dioxide. The zinc 
derivatives generally have been superseded in synthetic work by mag- 
nesium compounds. However, they appear to offer definite advantages 
in some types of preparations. 

The synthesis of hydrocarbons of the type R4C can be accomplished 
in yields of 25 to 50 per cent by treating a tertiary alkyl halide with a 
dialkylzinc. An example is dimethyldiethylmethane. 

CH;k 

2 Clh CCl + (C2H5)2Zn ► 2(CH3)2C(C2H5)2 + ZnCl2 

C2H5/ 

The Blaise method for making ketones consists in the interaction ot 
an acid chloride and an alkylzinc iodide. 

RCOCl + CHaZnI ¥ RCOCH3 + ZnICl 

The Reformatsky Reaction. Closely allied to certain of the Grig- 
nard condensations is the Refonnatsky reaction. It involves the con- 
densation of an a-halo ester with an aldehyde or ketone by use of metal- 
lic zinc. An example is the formation of ethyl iS-hydroxy-Q:,a-dimethyl- 
butyrate from acetaldehyde and ethyl a-bromoisobutyrate. The 
reaction creates a new carbon-to-carbon linkage and appears to take 
place in three steps. An organozinc halide is formulated as the initial 
product. 

CH3 CH3 

Br(!)-C02C2H6 + Zn ¥ BrZnC-C02C2H6 

CH3 6 h 3 

Addition of this compound to the carbonyl group of the aldehyde occurs 
next. 

CHs BrZnO CH3 

CH3CHO + BrZiiC-C02C2H5 > CH3ci:H(>-C02C2H6 

6h 3 CJHa 

The final step involves decomposition with dilute acid. 

BrZnO CH3 OHCH3 

CH3(!::H^C02C2H6 + HX — ^ CH3(bH(!!-C02C2H5 + ZnXBr 

CHs CHs 

Ethyl /3-hydroxy-a, 
a-dimethylbutyrate 
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Frequently the hydroxy ester is not isolated. Instead, the product is 
the corresponding unsaturated ester formed, presumably, by dehydra- 
tion of the hydroxy ester. An illustration is the formation of ethyl 
sorbate from zinc, crotonaldehyde, and ethyl bromoacetate. 

CH3CH=CHCH0 + BrCIl2C02C2H5 

► CH3CH=CH-CH=CHC02C2H5 

Ethyl sorbate 

Application of the Reformatsky method to ketones is illustrated by 
the preparation of ethyl jS-hydroxy-iS-phenylbutjo'ate from zinc, aceto- 
phenone, and ethyl bromoacetate. 

OZnBr 

CgHsCOCHs + BrCH 2 C 02 C 2 H 5 ► C6H5C-CH2CO2C2H5 

CH 3 

Ethyl i8-hydroxy-/3-phenylbutyTate 

OH 

2^ CoH56-CH2C02C2n5 

CHa 


The use of zinc instead of magnesium in the Reformatsky method has 
the advantage that the organozinc intermediate has little tendency to 
attack ordinary esters. It is this fact which makes the method possible; 
otherwise, the organozinc compound would be unstable since it con- 
tains groups which would interact. It is true that a few esters can be 
used instead of aldehydes or ketones but these are formates, oxalates, 
or a-alkoxy esters — compounds in which the ester carbonyl group pos- 
sesses unusually high activity. An extremely interesting example is 
the condensation of ethyl bromoacetate with ethyl formate. 


C 2 H 6 OCHO + BrCH2C02C2H5 
CO 2 C 2 H 5 


Zn 


C2H502Ci;^C02C2H5 
Ethyl trimesate 


OZnBr 

C2H6OCHCH2CO2C2H5 

|hx 

0=CHCH2C02C2H5 


The expected aldehyde ester is not obtained. Under the conditions of 
the experiment it trimerizes to give ethyl trimesate. 

Organocadmium compounds are still less reactive than are organozinc 
compounds and have proved to be more useful than the zinc compounds 
for transforming acid chlorides into ketones. 
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The most important technical use of organometallic compounds is 
that of tetraethyllead as an antiknock compound. It is made from ethyl 
chloride and sodium-lead alloy (p. 55). 

Na(Pb) 

4C2H5CI -A (C2H5)4Pb 

Organomercury compounds have been made in numerous ways, 
A Grignard reagent acts on mercury bichloride to give the corresponding 
dialkylmercury. 

2RMgX + ngCl2 — ► R2Hg + 2MgXCl 

^ Diphenylmercury is made by treating bromobenzenc with sodium 
amalgam. 

2C6H5Br (CcH5)2Hg 

^ Many aromatic compounds may be mercurated by treatment with 
mercury salts (p. 430). 

PROBLEMS 


1. Outline useful synthetic methods for obtaining the following substances 
from readily available materials: 

а. p-Iodotoluene 

б. p-Chlorobenzophenone 

c. Ethylmethylphenylacetic acid 

d. 1-Heptyne 

e. n-Propylbenzene 
/. Triphenylstibine 

g. 1,1-Diphenylethylene 

h, a-Naphthoic acid 

t. a-Bromocaproic acid 
j. l-Bromo-2-phenylethane 

2. For each of the following compounds indicate a method of sjmthesis which 
involves a Grignard reagent: 

а. (C4H9)8C0H e. CH8(CH2)6CH20H 

CH3\ 

б. CaHft-COH 

C.Hs'' /. CeHsCHjSOjH 

^ (CsH6)3CC02H 


OH 

d. CeHsC— CjHs 

I 

H 


/CHsCHjiv 

ff. CH* CHCH 2 OH 

''CH 2 CH 2 '' 
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3. Write an equation for the reactions between methylmagnesium iodide and 
(a) aniline, (b) oxygen, (c) benzoin. 

4. A sample of 0.098 g. of a compound whose formula is C10H12O4 reacts with 
methylmagnesium iodide to give 22.3 cc. of methane under standard conditions. 
How many of the oxygen atoms are present as hydroxyl groups? 
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CHAPTER XXI 


THE SYNTHESIS OF CARBONYL COMPOUNDS 

The synthesis of esters usually involves esterification of the corre- 
sponding acids and presents no serious problem. Aldehydes and ke- 
tones, on the other hand, are often very difficult to make and a large 
number of procedures have been developed for their preparation. The 
more important types of these synthetic methods will be discussed. 

Oxidation of Alcohols 

The dehydrogenation of primary and secondary alcohols leads to al- 
dehydes (p. 53) and ketones (p. 53), respectively. 

RCH2OH ¥ RCHO + H2 

R\ R\ 

CHOU > C =0 + H2 

R/ R/ 

This method is of especial value in the aliphatic series where primary 
and secondary alcohols are readily available. 

In the laboratory a mixture of potassium dichromate and sulfuric 
acid is the usual oxidizing agent. Industrial practice generally involves 
catalytic dehydrogenation over a metal at about 300°. n-Butyraldehyde 
and diethyl ketone are examples of compounds which are manufactured 
in this way. The catalyst may be platinum, copper, or silver. 

CH3CH2CH2CH2OH ¥ CH3CH2CH2CHO + H2 

OH 

CH3CH2-G-CH2CH3 ¥ CH3CH2COCH2CH3 + H2 

Hydration of Acetylenic Compounds 

Acetylenic compounds take up the elements of water in the presence 
of mercuric salts. For instance, acetylene and phenylacetylene yield 
'respectively, acetaldehyde (p. 23) and acetophenone. 

280 



PYROLYSIS OF CARBOXYLIC ACIDS AND THEIR SALTS 281 


HOCH + H 2 O CH 3 CHO 

CeHsC^CH + H 2 O C 6 H 5 COCH 3 

Acetylene itself yields an aldehyde but all other acetylenic compounds 
are converted to ketones. 


Pyrolysis of Carboxylic Acids and Their Salts 

Carboxylic acids or their salts give aldehydes or ketones when decom- 
posed by heat. Acetic acid yields acetone when passed through a hot 
tube containing manganous oxide. 

2CH3C02n CH 3 COCH 3 + CO 2 + H 2 O 


Similarly, adipic acid may be converted to cyclopcntanone by heating 
with barium hydroxide (p. 136). The mechanism in this case appears 
to be the following: 


/CO2H 

(CH2)4 + Ba(OH )2 

\CO 2 H 


/CO 2 

(CH2)4 

'-CO 2 


/C 021 

= 

/CO 

(CH2)4 

Ba++ > Ba(0H)2 + 2 

(CH2)3 I 

^C02 


n:hco2 


Ba++ + 2 H 2 O 


Ba+-' 


/CO 

(CH2)3 I 

n:hco2J 


/CO 2 H 

Ba++ + (CH2)4 

\CO 2 H 

/CO 

— ► 2(CH2)3 I + 

X1HC02H 


(CH2)4 


/C02'|= 

^02. 


Ba+ + 


/CO 

(CH2)3 I 

n:hco2H 


/CO 
(CH2)3 I 

x:h2 


+ CO 2 


From this it will be seen that only catalytic amounts of barium hydrox- 
ide are needed. Actually, 1 mole of adipic acid is converted to cyclo- 
pentanone in 3 rields of 80 per cent by use of about Ko mole of barium 
hydroxide. salts of acids have been found to give yields as high 

as 80 to, 90 per cent of the corresponding ketones. 

This method has been used in the synthesis of large rings (p. 137). 
The effect of chain length on the tendency of dibasic adds to form cyclic 
anhydrides or cyclic ketones is expressed by the Blanc rule. It states 
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that when adipic and pimelic acids are heated with acetic anhydride and 
then distilled (at about 300°) cycloalkanones are formed, whereas suc- 
cinic and glutaric acids under similar conditions yield cyclic anhydrides. 

Aldehydes may be made by decomposing a mixture of acids one of 
which is formic acid. 

RCO2H + HCO2H ECHO + H2O + CO2 

Mixed ketones are also obtained in this way. 

RCO2H + R'C02H ► R'COR + H2O + CO2 

This method has the disadvantage of producing the two symmetrical 
ketones, RCOR and R'COR', as well as the mixed ketone. 

jS-Keto acids readily decompose into carbon dioxide and the corre- 
sponding ketones. 

heat 

RCOCH2CO2H ^ RCOCH3 + CO2 

This is a general reaction and is utilized in the synthesis of higher 
S 3 nnmetrical ketones. For example, from ethyl laurate it is possible to 
prepare laurone in good yield. 

C10H21CH2CO2C2H5 C10H21CHCO2C2H5 

COCH2C10H21 

¥ C10H21CHCO2H C10H21CH2COCH2C10H21 

COCH2C10H21 Laurone 

The synthesis of levulinic acid from acetoacetic ester also involves 
this method. 

CH3COCH2CO2C2H6 + BrCH2C02C2H5 

Na OC a^ CH3COCHCO2C2H5 > CH3C0CH2CIJ2C02H 

CH2CO2C2H5 

Levulinic acid 

Levulinic acid is generally made from sucrose, glucose, or fructose by 
the action of dilute sulfuric or hydrochloric acid. This acid has unusual 
properties. Its reactions indicate that it exists chiefly in the lactol form. 

OH 

CH3COCH2CH2CO2H izr CH36-CH2CH2 

6 60 
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Long heating converts it to alpha- and 6eia-angelica lactones. 


OH 

CH2-(>-CH3 

\ 

0 

ch2-c6 


ch=cm:h3 

\ 

o + 

CH2-CO 

a- Angelica 
lactone 


CH-CHCH3 
\ 

0 

ch-c6 

/3- Angelica 
lactone 


Pyrolysis of tartaric acid produces a keto acid, pyruvic acid. In this 
case both water and carbon dioxide are formed. 


HOCH-CQaH — > CH-CO2H — ► CHarCOgjH CH3COCO2H 

HoiH-C02H HOC-CO2H COCO2H 

Pyruvic acid can be made also from acetyl bromide through the corre- 
sponding keto nitrile. This method gives low molecular weight aliphatic 
a-keto acids in yields of 60 per cent. 

CuCN 

RCOBr ► RCOCN ► RCOCO2H 

When citric acid is heated with sulfuric acid it loses water and carbon 
monoxide to give the corresponding keto acid, acetonedicarboxylic acid 
(p. 144). 

Lactic acid decomposes in a similar manner to form acetaldehyde, car- 
bon monoxide, and water. 

CH3CHCO2H > CH3CHO + CO + H2O 

These two reactions illustrate a thermal decomposition which is general 
for a-hydroxy acids. 


The Hydrolysis of Bichlorides 

Compounds having two halogen atoms on the same carbon atom are 
hydrolyzed to carbonyl compounds. An example is benzal chloride 
(p. 233 ). 

CcHsCHCb + H2O V C6H5CHO + 2 HC 1 

The reaction is practically useless in the aliphatic series because the di- 
halogen compounds are hard to prepare and their hydrolysis requires 
heating with alkali — ^a treatment which often causes the products to 
resinify. 
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Mesoxalic acid is formed by the hydrolysis of dibromomalonic acid. 

/CO 2 H H,0 /CO 2 H /CO 2 H 

CBr2 1 (H0)2C > CO 

X^02H Ba(OH )2 ^COzH NDOsH 

Mesoxalic acid shows a remarkable tendency to exist as the hydrate. 


Ozonization of OlejSns 

Ozone reacts additively with olefinic compounds to form ozonides 
which, with water, decompose into carbonyl compounds. 

RCH=CHR + O3 > RCH-CHR ► RCHOCHR 

\ / II 

O 3 O — 0 

^ 2RCHO + H 2 O 2 

This is not only a method for making aldehydes and ketones but serves 
also to locate a double bond in a molecule. Thus oleic acid, C17H33CO2H, 
yields the two aldehydes, CIl 3 (CH 2 ) 7 CHO and 0 CH(CH 2 ) 7 C 02 H. 
This shows that the structure is CH3(CH2)7CH=CH(CH2)7C02H. In 
order to isolate aldehydes it is necessary to carry out the hydrolysis of 
the ozonide in the presence of a mild reducing agent such as zinc. 

This method can also be used to determine the structure of enols. 
The ozonization products of the two possible enol forms of benzoylace- 
tone are different and serve to show which form actually occurs. 

OH 

C 6 H 5 C=CHC 0 CH 3 > C6H5CO2H + OCHCOCH3 

OH OH 

CcHsCOCH^CCHs ► CeHsCOCHO + OCCH3 

The formation of benzoic acid and methylglyoxal shows the first type of 
enolization to predominate. 

Oxidation of Olefinic Compounds 

Certain aromatic aldehydes are made from naturally occurring sub- 
stances containing unsaturated side chains. Anisaldehyde, for example, 
is formed by oxidation of anethole. 

CH30<^^]^CH=CHCH3 ► CH 30 ^^]^CH 0 

Anethole Anisaldehyde 
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The oxidation may be effected by use of nitric acid, chromic acid, or 
ozone. Similarly, vanillin can be made from eugenol. 

OH 

CH2CH=CH2 

Eugenol 


OH 

/SoCHs 


CHCHCHs 

Isoeugcnol 


OH 

/\)CH3 


CHO 

Vanillin 


The first step in this process is the rearrangement of eugenol to isoeuge- 
nol; tiiis is brought about by heating with alkali and is a general reac- 
tion for allylbenzene derivatives. It involves a 1,3 shift of a triad sys- 
tem; in the present example the double bond shifts into a position in 
which it is conjugated with those of the ring. 

Pipcronal is made from safrole in a similar way. 


O— CII 2 



CH2CH=CH2 

Safrole 


O— CH 2 

V 

CH=CHCH3 


Isosafrole 


O— CH 2 


I I 

A/0 

I 

V 

CHO 


Piperonal 


The Reimer-Tiemann Reaction 

Phenols react with chloroform and alkalies to give 0 - and p-hydroxy 
aldehydes (p. 162). 

The reaction gives predominantly ortho derivatives, but para isomers 
are also formed. The presence of nitro, carboxyl, and other metordirect- 
ing groups prevents the reaction from taking place. If one ortho posi- 
tion is filled the aldehyde group tends to go to the para position. An 
example is the synthesis of vanilhn from guaiacol. 


OH 

■^^CHs 

V 

Guaiacol 


OH 

^^CHa 

Vanillin 


Here the mechanism would appear to involve a 1,4 addition. 
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OK 


+ CHCI3 


Cl OK 

\/ 

r:^OCH3 


Y 

H^CHCla 


0 

11 


pCHs 


H CHCI2 

1 

OH OH 

A1OCH3 HsOff^OCHa 


CHO 


V 

CHC12 


When carbon tetrachloride is used in place of chloroform an exactly 
similar reaction occurs, the final product being an acid instead of an 
aldehyde. 

The Friedel-Crafts Reaction 

The use of acid chlorides and anhydrides in the Friedel-Crafts reac- 
tion (p. 96 ) is very general. 

RCOCl -h CeHe RCOCeHs + HCl 

(RC0)20 + CeHe RCOCeHs + RCO2H 

This reaction can be used also with cyclic anhydrides such as suc- 
cinic and phthalic anhydrides. With benzene they form, respectively, 
/ 3 -benzoylpropionic acid and o-benzoylbenzoic acid. 

CeH5C0CH2CH2C02H 

[yco^R 

jS-Benzoylpropionic acid is an intermediate in a synthesis of a-tetralone. 
Reduction converts the acid to 7-phenylbutyric acid, the acid chloride 
of which undergoes cyclization under the influence of aluminum 
chloride. 


CT2 COv^ ^ 
CH2-CO/ 



'"O -b CaHe 
0 / 
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j^C0CH2CH2C02H 


CH2 


CH2 

\ch2 


CH2COC1 


V\/ 

CO 

a-Tetralone 


CH2 


Unsaturated groups such as nitro, keto, sulfonic acid, and cyano gen- 
erally prevent the Friedel-Crafts reaction from taking place. Nitroben- 
zene and methyl benzoate, for example, will not react. However, if an 
activating group is present reaction may proceed. o-Nitroanisole, for 
example, reacts readily. 


CHsO/^^ + CII 3 COCI 

not 


AICI3 

¥ 


CHsO^ ^COCHa + HCl 

NUT 


Benzophenonc is made by a Friedel-Crafts condensation between ben- 
zene and carbon tetrachloride followed by hydrolysis of the resulting 
dichloride. 

2C6H6 + CCI 4 C 0 II 5 CCI 2 C 0 H 5 + 2HC1 


CoHsCOCeHs 



IHO 


The Friedel-Crafts reaction is not limited to the aromatic series, but 
can be carried out with olefins also. From cyclohexene and benzoyl or 
acetyl chloride, good yields of tetrahydrobenzophenone or tetrahydro- 
acetophenone, respectively, may be obtained. 

CH2 CH2 


/ \ / \ 
C6H5COCH-CH2 CH A, Cl, CH2 CCOCeHs 

I II -rkiv/ig , ,, 


1 II ■ 

( 11 - ~ 

+ HC 1 

CH2 CH 

CH2 CH 


\ / 

\ / 


CH2 

CH2 


CH2 

CH2 


/ \ 

/ \ 


CH3COCI + CH2 CH 

Aios CH2 CCOCH3 


1 II 

^ 1 II 

+ HC 1 

CH2 CH 

CH2 CH 


\ / 

\ / 


CH2 

CH2 



Zinc chloride and ferric chloride are sometimes used in place of alumi- 
num chloride. If boron fluoride is used as the catalyst the acid chloride 
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or anhydride may be replaced by an acid. Hydrogen fluoride is a superioi 
catalyst for cyclization reactions of this type. For example, y-phenyl- 
butyric acid is converted to a-tetralone in 92 per cent yield. 


CH 2 


V 


\ 


CH 2 


CH2CO2H 



CH 2 

/V \cu2 


V\ 

CO 


+ H 20 


Alkylations and acylations with hydrogen fluoride are carried out in a 
copper bomb and at moderate tcmiperatures. 

A remarkable instance of catalysis has been observed in the formation 
of p-methoxyacetophenone from anisole by treatment with acetic an- 
hydride. The reaction is negligible when the reactants are heated alone, 
but heating for forty-eight hours at 170-180° in the presence of chloro- 
acetic acid causes the reaction to give yields of 90 per cent. 

+ (CH3C0)20 


ClCHaCOiiH cjj30<^^^COCIl3 + CH 3 CO 2 H 


The Friedel-Crafts reaction is generally carried out in the presence of 
a solvent. If one of the reactants is a liquid hydrocarbon such as ben- 
zene it is ordinarily used as a solvent also. Otherwise carbon disulfide is 
frequently used. Petroleum ether is also employed. Nitrobenzene is 
useful not only because of its solvent power but also because it forms 
an addition complex with aluminum chloride and in this way tends to 
make the action of the latter milder. The course of the reaction is some- 
times greatly affected by the solvent. The acylation of naphthalene 
with acetyl chloride in carbon disulfide gives a-acetonaphthone whereas 
in nitrobenzene the product is the beta isomer. 



Aid. 

+ CHsOoa --iS-, 


CftH6N02 


VV^ 

/J-Acetonaphthone 


+ HC1 

COCHa 


Gattennann’s Methods 

Aromatic aldehydes may be made by the use of carbon monoxide, 
dry hydropn chloride, aluminum chloride, and an activator such as 
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cuprous chloride. The use of pressure eliminates the necessity for an 
activator. 

ArH + CO 4 ArCHO 

HCl 

This is known as the Gattermann-Koch reaction. It probably involves 
the intermediate formation of the unstable formyl chloride, and is to be 
regarded as a typical example of the Friedel-Crafts reaction. By this 
method toluene yields 50 to 55 per cent of p-tolualdehyde. 

CuCl 

HCl + CO HCOCl 

HCOCl + CHaCoHs P-CH 3 C 6 H 4 CHO + HCl 

A similar method also due to Gattermann involves the use of hydro- 
gen cyanide and hydrogen chloride. In this reaction the unstable imino 
chloride of formic acid probably is formoxl as an intermediate. The re- 
action is useful when phenols are employed. 

^NH 

HCl + HCN ¥ lie 

X)1 

OH OH OH 



HI 

Zinc chloride is often used in place of aluminum chloride when sensitive 
compounds are involved. The procedure has been improved by substi- 
tuting zinc cyanide for the anhydrous hydrogen cyanide, which is trouble- 
some to prepare. The interaction of zinc cyanide and hydrogen chloride 
gives the hydrogen cyanide and zinc chloride needed for the reaction. 
jS-Resorcylaldehyde, for example, may be made conveniently in this way. 

Zn(CN )2 + 2HC1 ► ZnCh + 2HCN 

/NH 

HCl + HCN ¥ HC 

NDl 

OH OH OH 



HC=NHHC1 CHO 

/S-ReaoKTlaldefayde 
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Recently it has been shown that when pure zinc cyanide is used the re- 
action fails to take place. Satisfactory results are obtained, however, if 
small amounts of sodium or potassium chloride are added to the zinc salt. 

A method which is formally somewhat similar involves the interaction 
of formylmethylanilinc and aromatic compounds possessing highly ac- 
tive nuclear hydrogen atoms. The synthesis of 2-ethoxy- 1-naphthalde- 
hyde is an example. 



The Houben-Hoesch Synthesis 

Another method which is really a variation of the Friedel-Crafts syn- 
thesis is the Houbcn-Hoesch process; it consists in the condensation ol 
nitriles with phenols in the presence of hydrogen chloride and zinc chloride. 
Here again an imino chloride is probably formed as an intermediate. 

^NH 

RCN + HCl > RC 

'-Cl 

The synthesis of resacetophenonc from resorcinol will serve as an ex- 
ample. 

//NH 

CH3CN + HCl > CH3C 

X^l 

OH OH OH 



CH3C=NHHC1 CH3CO 
This is a general reaction for nitriles and phenols. 


The Fries Rearrangement 

Phenyl esters and substituted phenyl esters reanange to the corre- 
sponding ortho and para acyl phenols when heated with aluminum or 
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zinc chloride. This is known as the Fries rearrangement, but the process 
is probably not a true rearrangement. The mechanism may involve 
scission of the molecule into an acid chloride and phenol — compounds 
which react normally to give the keto phenol. 


OCOR 

A 

V 


AlClsor^ 
ZnCh ^ 


OH 

Acor 

V 


Phenyl propionate yields 45 to 50 per cent of p-propiophenol and 32 to 
35 per cent of the ortho isomer. 


Ziegler’s Method 

One of the most successful methods of making cyclic ketones of many 
members is due to Ziegler, who used the Thorpe reaction to close rings. 
He found that certain dinitriles could be caused to condense intramolccu- 
larly to give imino nitriles which by hydrolysis and decarboxylation 
yield cyclic ketones. The catalyst is an alkali metal derivative of a 
secondary amine. 


(CH2)^ 


CH 2 CN 

/ LiNRa 


CH 2 CN 


CH2 
/ \ 

(CH 2 )„ CO 

\ / 
CH2 


CHCN 

/ \ 

(CH2)n C=NH 

\ / 

CH2 


i 


H20 


CHC02H 

-C02 / \ 

— ^ (CH 2 )„ c=o 

\ / 

CHz 


Yields as high as 50 per cent are obtained in the synthesis of cyclopem 
tadecanone — a compound which is an important artificial musk. 


The Pinacol-Pinacolone Rearrangement 

Ditertiary 1,2-glycols — generally obtained by bimolecular reduction 
of ketones — are known as pinacols. When treated with acids they un- 
dergo rearrangement to ketones known as pinacolones. Acetone and 
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benzophenone, for example, yield pinacolone and benzopinaoolone, re- 
spectively. 

CH3\ CHsv?® ^?/CH3 CH3\ 

2 OO ► C C > CHa-CCOCHs 

CHs^ CHa^ X^Ha CHa^ 

Pinacol Pinacolone 

xj Tj OH HO ^ tj- 

U6il6\ ^6Al5\ I I 

2 CO ► C C ► (C6H5)3CCOCgH5 

CeHs^ CgHg^ NI^cHg 

Benzopinacol Benzopinacolone 


Selenium Dioxide Oxidation 

Active methyl and methylene groups are converted, respectively, to 
aldehyde and ketone groups by the action of selenium dioxide. Acetone 
and acetophenone yield, respectively, methylglyoxal and phenylglyoxal. 

CH 3 COCH 3 + Se 02 ¥ CH 3 COCHO + H 2 O + Se 

CeHsCOCHa + Se02 — > CeHsCOCHO + H 2 O + Se 


The Grignard Method 

The synthesis of aldehydes and ketones by use of the Grignard re- 
agent has been discussed (p. 266). 

Stephen’s Method 

Nitriles are reduced by stannous chloride in the presence of hydrogen 
chloride to give imine hydrochlorides. These yield aldehydes when hy- 
drolyzed. The synthesis of n-octaldehyde is an example. 

CH3(CH2)eON -^4 CH3(CH2)6CH=NH HC1 

HCl 

^ CH3(CH2)6CH0 

This method has been reported to give high yields of myristaldehyde, 
palmitaldehyde, stearaldehyde, benzaldehyde, jS-naphthaldehyde, m- 
tolualdehyde, and p-tolualdehyde. o-Tolunitrile and a-naphthonitrile 
give low yields, presumably because of steric hindrance. 

Stephen's method for the higher aliphatic aldehydes takes on renewed 
interest in view of the fact that certain of the higher nitriles are now 
made commerdally from fats. 



SPECIAL METHODS 


293 


Sommelet’s Method 

Aromatic aldehydes can be made from the corresponding hydrocar- 
bons by chloromethylation followed by treatment of the chloromethyl 
derivative mth hexamethylenetetramine. This method, discovered by 
Sommelet, has found little application. The chloromethyl compound 
condenses with the tetramine to give a quaternary ammonium chloride. 
Heating the latter in aqueous alcohol decomposes it into the aldehyde 
and other products. ot-Naphthaldehyde can be made in yields of 60 
per cent by this method. 


Rosenmund’s Method 

Aldehydes which are obtainable only with difficulty may be made by 
catalytic reduction of the corresponding acid chlorides according to the 
procedure of Rosenmund. A palladium catalyst is deposited on freshly 
precipitated barium sulfate. By this method stearaldehyde, for example, 
is made from stearyl chloride. 

CH3(CH2)i 6COC1 + Hs ► CH3(CH2 )i 6CHO + HCl 


Special Methods 


Acrolein. Acrolein is made by heating glycerol with potassium acid 
sulfate. The loss of two molecules of water probably occurs in the fol- 
lowing steps. The secondary hydroxyl group would be expected to split 
off more readily than the primary ones. 

H H [h! H H 

I I 1 -H.O I ^ 

H-C— H-C— C=C-H- 

I |l ! I I I II 

OHiOHiOH OH OH OH H 


H H 
I I 

H-C— C- 


.P 




The enol would ketonize to give the /S-hydroxy aldehyde — a type of 
substance which readily loses water. 


HOCH 2 CH 2 CHO ► CH 2 CHCHO + H 2 O 

Acrolein 


Acrolein is prepared commercially by the catalytic oxidation of allyl 
alcohol 

Furfural. Furfural, an important aldehyde, is obtained by hydrolyflis 
of pentosans. Substances such as com cobs, wheat straw, or bran are 
digested with hydrochloric add; under these conditions the liberated 
pentoses are transformed into furfural. 
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HO 

-CH CH 

1 1 

OH 

H 

1 

1 


H 


1 

0 

H OH 

CHO 


CH CH 

II II 

CH C-CHO 

Furfural 


+ 3H2O 


Furfural is produced commercially from oat hulls. 

Chloral. Chloral is made by the chlorination of ethyl alcohol with 
dry chlorine. 

CH3CH20n + 4CI2 ¥ ClaCCIIO + 5HC1 


Acetone. Acetone is manufactured by fermentation of molasses or of 
starch from corn (p. 49). 

Trimethylacetaldehyde. Trimethylacetaldehyde is best made by the 
condensation of <-butylmap;nosium chloride with an excess of ethyl 
formate. 

/OMgCl 

(CH3)3CMgCl + HC02C2n5 ¥ (CHrOaCCH 

X)C2H5 

— ► (CIl 3 ) 3 CCHO 


This is an interesting illustration of the influence of steric hindrance. 
The aldehyde is less reactive than the formate. Even if the Grignard 
reagent reacts with the aldehyde it does so by reduction, not by addition. 

Methyl Isopropyl Ketone. Methyl isopropyl ketone is made com- 
mercially by the rearrangement and hydrolysis of trimethylethylene 
bromide or chloride. The latter can be made by direct halogenation of 
<-amyl alcohol. 


CH3N 




CCH2CH3 



CHax H^O CH3^ 

C— CHCH3 CHCOCH3 

CHa/^l CHs^ 


Vanillin. Vanillin is commonly made from guaiacol by the following 
steps: 


OH 

^OCHa 




CH2O 


OH 

r:^0CH3 


V 

CH20H 


CeHsNHOH 

► 


OH 

p^OCHa 

V 

CH=NC6H6 


Acid 

hJo 


OH 

ff^CHa 


CHO 
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n-Heptaldehyde. n-Heptaldehyde is formed in yields of 60 per cent 
by the destructive distillation of castor oil under reduced pressure. Cas- 
tor oil is made up largely of the glyceride of ricinoleic acid, which, under 
the influence of heat, breaks down to give n-heptaldehyde and undecy- 
lenic acid. 


CH3(CH2)5CH[CH2CH=CH{CH2)7C02H 

i'H 


CHs(OH2)sCHO 

n-Heptaldehyde 


+ CH2=CH(CH2)8C02H 
Undecylenic acid 


It is interesting to note that alkali cleaves the chain at a different 
point to give 2-octanol, sebacic acid, and hydrogen (p. 133). 


CH3(CH2)5CHCH2:CH=CH(CH2)7C02H 


OH 


CH3(CIl2)5CHCH3 + H02C(CH2)8C02H + H 2 


OH 

2-Octanol 


Scbacic acid 


Cinnamaldehyde. Cinnamaldehyde is obtained from cinnamon oil 
by extraction with sodium bisulfite. 

a-Tetralone. a-Tetralone (p. 286) is best prepared by passing air 
through tetralin at about 70° for fifty to fifty-five hours, and decompos- 
ing the resulting peroxide with dilute sodium hydroxide. 



CH 2 

\cH2 


+ O 2 


H OOH 


\/\/ 

CH 2 


CH 2 


CO 

\J\ 

CH 2 


+H 20 


Salicylaldehyde. A technical method for the manufacture of sal- 
icylaldehyde consists in the oxidation of o-cresyl benzenesulfonate with 
manganese dioxide in sulfuric acid solution. Hydrolysis of the result- 
ing ester gives the phenolic aldehyde. 


|^*^S02C6H5 


|^0S02C6H5 

vicHO 


«JlcHO 
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Eetenes. Carbonyl compounds which contain the grouping X'=C=0 
are known as ketenes. The simplest member of the series, ketene, is 
prepared by thermal decomposition of acetone. 

CH 3 COCH 3 — > CH 2 =C =0 + CH 4 

In the laboratory excellent yields are obtained by passing acetone va- 
pors over an electrically heated metal filament at 700-750°. 

Other ketenes fall into two classes, aldoketenes and ketoketenes. 

R\ Rv 

C=C=0 C=C=0 

R/ 

Aldoketene Eetoketene 

The most general method of S 3 mthesis involves debromination of a-bro- 
moacyl bromides by the action of zinc. Dimethylketene, for example, 
is made in this way. 

(CH 3 ) 2 C — 00 + Zn — > (CH3)2C=C=0 + ZnBra 

I I 

Br Br 


Ketene dimerizes to acetylketene which is used in the synthesis of ace- 
toacetic esters. 

Diphenylketene, the ketene which has been studied most carefully, is 
most readily obtained by a special method. Benzil monohydrazone is 
oxidized by mercuric oxide to azibenzil and the latter is decomposed 
thermally. 


C 6 H 5 ONNH 2 C 6 H 5 CN 2 
CeHsio ^ CeHsCO 


(C6H5)2C=C=0 -h N 2 


The “twinned” double bond structure characteristic of ketenes is pres- 
ent also in carbon suboxide, a dehydration product of malonio add. 

0=OCH2-C=0 00=000 + 2 H 2 O 

OH 

Carbon suboxide 

Carbon suboxide reacts with water and alcohol to give, req)ectively; 
malonic add and ethyl malonate. 
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PROBLEM 


Indicate methods that might be used in the synthesis of the following aldehydes 
and ketones. 


a. CHs 
/\ 


CHa 
b. CHO 
CHO 


d. COCHa 

/\ 


NO2 


CHO 


CHO 

/\ 


'sy®'’ 

/. CH3CH2CHCH0 
Calls 

g. CeHaCHjCOCHa 
CCO 



CHa 



k. CHO 

/VSOCH, 


v\/ 

1. CHO 

/\ 


CHO 

m. C6H6C0CH=CHC0C»H5 
”• /X CO 


V^\ 

CHa 

0. CBraCHO 
p. Cll3(CHa)4CHO 
9- 


\/\/ 

COCHO 


r. CHO 

/\ 


iNOa 


NOa 

s. CHaCOCH(CHa)2 
i. OH 

/VSeOCH, 
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CHAPTER XXII 


REACTIONS OF THE CARBONYL GROUP 

The order of reactivity of carbonyl compounds seems to bo determined 
by the size and complexity of the radicals to which the carbonyl group is 
attached. Thus the following is the order of decreasing activity. 

H\ Rs_ R\ 

C=0 > C=0 > C=0 

H/ H/ R'' 

Methyl ketones are more reactive than their higher homologs. 

CHav CaH.,^ CaHsv 

CO > CO > CO 

CH3/ CHa^ C2H5/ 

Also, cyclic ketones are more reactive than their open-chain analogs. 

CHa-CHas 

I CO > CH3CH2COCH2CH3 

CHa-CHa'' 

When the radicals are very large and complex the carbonyl group may 
become almost entirely inert. Dimesityl ketone is an example. 

CH3 CH3 



Negative atoms and groups often enhance the reactivity of carbonyl 
compounds. The following, for example, possess unusually reactive car- 
bonyl groups. 

/COaH 

CCI3CHO RCOCHO RCOCHaCHO CO 

X^OaH 

Transformations of the Carbonyl Group 

Water. Only extremely reactive carbonyl compounds form hydrates 
which can be isolated, but it is probable that the tendency is character- 
istic of all aldehydes and perhaps of ketones also. 
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/OH 

RC=0 + H 2 O tZl RC 

Chloral forms a hydrate whose structure is known to be Cl 3 CCH(OH) 2 . 

Glyoxals react similarly: IlCOCHO + H 2 O ¥ RCOCH(OH) 2 . There 

is good reason to believe that formaldehyde is hydrated in water solu- 
tion. The partial pressure of the aldehyde over its aqueous solution is 
far less than one would expect. 

Alcohols. As was stated earlier (p. 70), aldehydes react with alco- 
hols to form hemiacetals and these in turn are converted to acetals 
(p. 70). 

/OH 

ECHO + R'On ±= RCH 

\OR' 

Hemiacetal 

/OH /OR' 

RCH + R'OH tz; RCH + H 2 O 

^OR' ''OR' 

Acetal 

The rate of acetalization depends on the nature of the aldehyde as 
well as that of the alcohol. Aromatic aldehydes react rapidly but give 
low yields on account of an unfavorable equilibrium. Many aliphatic 
aldehydes afford excellent yields, but the reaction is slower. The exam- 
ples given in Table XXIX illustrate these points. 


TABLE XXIX 
Acetals 
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Cyclic acetals or dioxolanes are formed by glycols. 

HOCH2 /OCH2 

CH3CHO + I 1 = CHsCH I + H2O 
HOCH2 ^0CH2 


a-Hydroxy acids are 1,2-dihydroxy compounds and, like 1,2-glycols, are 
capable of forming cyclic acetone derivatives. Mandelic acid, for ex- 
ample, combines with acetone under the influence of sulfuric acid to 
yield a dioxolone. 


C6H5CH-C=0 + CH3COCH3 > C0H.5CH-CO + H2O 

(!)h (!)h 6 6 

\ / 

c 

CHs^CHs 


The dioxolone is closely related to esters and acetals. When treated 
with liquid ammonia it yields mandclamide. 

Hydroxy aldehydes and ketones in which the two groups are not too 
far apart show a tendency to form cyclic hemiacetals. Glycolaldehyde 
and acetol are examples. 


CH2CHO 

OH 


CH2~CH 

^^^6h 


Glycolaldehyde 


CH3COCH2OH tzz; 


Acetol 


CHsC CH2 

1^0/ 

OH 


This behavior is more marked in 7- and 5 -hydroxy aldehydes and ke- 
tones which give rings of five and six members, respectively. 

These reactions are especially important in sugar chemistry. The 
ring forms written for glucose and methylglucosides represent, respec- 
tively, a hemiacetal and an acetal. 


h6oh 

ho6h 

h6oh 

HCOH 

6H2OH 


/OH 

HC 1 

HCOH 

tzz; ho6h 6 

h6oh 

h6 1 

6H2OH 

Glucoae 


/OCH3 
HC 1 

h6oh 

HOCH 6 

h6oh 

HC 

6H2OH 

Methylglucoside 
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Of use also in sugar chemistry is the formation of cyclic acetals and kc- 
tals with benzaldehyde and acetone. 


HCOH 



HC- 

-Ox 

1 

+ CcHsCHO 


1 

CHCeHs + H2< 

HCOH 

1 



HC— 

1 

— 0/ 

h 6 oh 

yClh 


HC— 

— 0\ /CH3 

1 

+ 0C 

^ J 

1 

C +H2O 

HCOH 

N^Hs 


HC— 

-0/ ^CHa 


Acetals are sensitive to acids but are unattacked by alkalies. Ad- 
vantage is taken of the latter property to protect aldehyde groups. Al- 
dehydes cannot be handled in contact with alkalies or oxidizing agents. 
The problem can be solved by converting them to acetals from which 
they can be regained at a later point in the synthesis. The preparation 
of glyceraldehyde from acrolein illustrates this device. 

CIIa^CHCHO + 202115011 + HCl 

► C1CH2CH2CH(0C2H6)2 + H 2 O 

C1CH2CH2CH(0C2H5)2 + KOH 

► CH2=CHCH(0C2H5)2 + KCl + H2O 

CH2=CHCH(0C2H5)2 + H2O + [0] (KMn04) 

► CH2-CHCH(0C2H5)2 

(1)H OH 

CH2CHCII(0C2H6)2 + H2O CH2CHCHO + 2C2H5OH 


OH OH 


OH OH 


Ketones form acetals but react less readily than do aldehydes; for this 
reason, ketals are generally made by treating the ketones with an ortho- 
formic ester. 


CH3/ 


C=0 + HC(0C2H5)3 


CHss /OC2H6 ^O 

C +HC 

CH 3 / M)C 2 H 6 X)C2H5 


Amino Compounds. Like water and alcohols, amino compounds 
react with aldehydes to give addition compounds. Ammonia gives rise 
to the aldehyde ammonias (p. 71). 

/OH 

ECHO + NHa 1=1 RCH 

^NH2 
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Like the corresponding hydrates and alcoholates the aldehyde-ammonias 
are unstable, being readily broken down to ammonia and the aldehydes. 
They are useful in the purification of aldehydes. 

Primary and secondary amines add to formaldehyde to produce meth- 
ylol derivatives which are stable. 

RNII2 + CH2O ¥ RNHCH2OH 


Carbonyl compounds which have a marked tendency to enolize react 
with ammonia and aminos to yield nitrogen derivatives which may be 
formulated as imines or amines. 

NR NUR 

RCOCTT 2 CO 2 R + RNII 2 > RC~CH2C02R or R(>CHC02R 

Evidence favors the latter structure. 

The exceptional behavior of formaldehyde with ammonia has already 
been mentioned (p. 67 ). 

Benzaldehyde does not give a simple addition compound with am- 
monia but a complex molecule, hydrobenzamide, formed from three 
molecules of aldehyde and two of ammonia. 

/N=CHCgII5 

3C6II.5CHO + 2NII3 ¥ CgHgCH + 3H2O 

\N=CHCcH5 

Hydrobenzamide 

Hydrobenzamide is related to Schilff bases, substances formed by the 
interaction of aldehydes and primary amines. Benzalaniline is an ex- 
ample. 

CgHsCHO + C6H6NH2 ;Z± CgHsCH^NCgHs + H2O 

Benzalaniline 


Hydroxylamine probably reacts in the same way as ammonia, but in 
this case water is eliminated and oximes result (p. 72 ). 


C =0 + NH2OH 

R/ 


rR\ /OH 
C-NHOH 
R/ 


Rn 

C=NOH + H2O 

R/ 


This reaction is reversible. It is general for aldehydes and ketones. 

The oximes of aldehydes and unsymmetrical ketones exist in syn and 
anti forms which correspond to cis-trans isomers. In most instances the 
configurations of oximes of ketones have been assigned on the basis of 
the products obtained by subjecting them to the action of certain acidic 
reagents such as phosphorus pentachloride in ether. An isomerization 
known as the Beckmann rearrangement occurs. The products are 
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amides, and the reaction of a symmetrical ketoxime can be represented 
as follows: 


Rv 

C=N — > RCONHR 


6h 


If the ketoxime is unsymmetrical two products, R'CONHR and 
RCONHR', might be expected. Actually one of these is obtained from 
the syn oxime and the other from the anti oxime. The course of this 
rearrangement has been studied with great care, and it is now known 
that the shift of groups is trans rather than cis. The following scheme 
has been used to represent the sequence of changes. 



R~C-OH — » R-C=0 

II I 

RN NHR 



HO-C-R 

II 

NR' 


R— C=0 

I 

NHR' 


The Beckmann rearrangement is useful in determining the structure 
of ketones. Hydrolysis of the amide gives an acid and an amine; from 
these the structure of the original ketone is deduced. 

Occasionally this rearrangement is of value in synthetic work. An 
interesting example is the synthesis of eaminocaproic acid from the 
oxime of cyclohexanone. The first step involves the Beckmann rear- 
rangement which transforms the oxime into ecaprolactam. 


NOH 

/ \ 

CH2 CH2 H2SO4 

I I — > 

CH2 CH2 

\ / 

CH2 

Oxime of cyclohexanone 


CO— 

1 

-NH 

CH 2 

1 

CH 2 

1 

1 

CH 2 

CH 2 




e-Caprolactam 


Hydrazine reacts with aldehydes and ketones to ^ve hydrazonee 
which in turn may react with a second molecule of the carbonyl com- 
pound to yield azines. 

R 2 CO + H 2 NNH 2 ¥ R 2 C=N-NH 2 + H 2 O 

Hydrazone 

R2C=n-nh2 + 0 CR 2 — y R2C=n-n=cr2 + H 2 O 

Azine 
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Aliphatic aldehydes react so rapidly that the intermediate hydrazones 
cannot be isolated; even by use of an excess of hydrazine the azine is 
practically the only product. Hydrazones of ketones tend to change to 
the azine and free hydrazine. 

Phenylhydrazine reacts to give phenylhydrazones (p. 72). 

R 

^C =0 + H2NNHC6H5 
H 


The reversibility is illustrated by one of the methods of recovering the 
carbonyl compounds from the hydrazone. This consists in heating the 
phenylhydrazone with a carbonyl compound such as a glyoxal which is 
highly reactive. 

R2C=NNHC6H5 + H2O tz; R2CO + H2NNHCCH6 
RCOCHO + H2NNHC6H5 — ► RC0CH=NNHC6H6 + H2O 






:c— N-NHCeHs 


R, 


A 


\ 




,C=NNHCoH6+H20 


a-Hydroxy aldehydes and ketones react with phenylhydrazine to give 
phenylosazones. 


CHO 

CHOH 


+ 3 C 6 H 5 NHNH 2 


CH=NNHC6H5 

C=NNHC6H6 


+ C6H6NH2 + NH3 + 2H2O 


These are yellow solids which crystallize well and are of great value in 
the purification and characterization of sugars. 

2;4-Dinitrophenylhydrazinc is much used in identification work be- 
cause the 2,4-dinitrophenylhydrazones are generally solid. 


+ R2CO 


+ H 2 O 


jS-Diketones and /3-keto esters yield phenylhydrazones but the reac- 
tion goes farther and gives cyclic products. Acetylacetone, for example 
yields l-phenyl-3,5-dimethylpyrazole. 
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CHaCOCHzCOCHa CH3C-CH2COCH3 

N-NHCgHs 


CH 

/ \ 

CH3O ^CCHa 

« .-L--. 

N ! OH' 


\ 


N!H 




CeHs 


/ 


.CH 


CH3C 

N- 


^CCH3 

-N-CfiHs 


Ethyl acetoacetate reacts similarly to give l-phenyl-3-methylpyrazolone 


CH3C-CH2C CH3C ^co 

II .^ocSIl > II 1 + C2H5OH 

N-N[H J N NCells 

CoHs 

Similarly semicarbazide gives rise to semicarbazoncs (p. 73). 

R\ R\ 

C=0 + H2NNHCONH2 ► C=NNHC0NH2 + H2O 

R'' R/ 


Girard’s reagent, now much used in the isolation of ketonic com- 
pounds, is similar to the foregoing and has the advantage of being highly 
polar and, therefore, yields derivatives which are extremely soluble in 
water. 


(CH3)3N + CICH2CO2C2H5 + NH2NH2 


■With a ketone it reacts to give 


[(CH3)3NCH2C0NHNH2]C1 + C 2 HSOH 

Girard’s reagent 


(CH3)3NCH2C0NHN=C 


/R 

''R 


Cl 


Sodium Bisulfite. Aldehydes, aliphatic (but not aryl) methyl ketones, 
and cyclic ketones up to cycloOctanone yield sodium bisulfite addition 
compounds (p. 69). 

/OH 

RCHO + NaHSOa — V RCH 

^OsNa 
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Table XXX shows the amounts of bisulfite addition compounds 
formed at the end of twenty and seventy minutes. 

TABLE XXX 

Bisulfite Addition Compounds 



Per Cent Bisulfite Compound 


20 min. 

70 min. 

Acetaldehyde 

86.6 

88.7 

Acetone 

39.7 

58.9 

Methyl ethyl ketone 

22.5 

38.4 

Methyl propyl ketone 

11.0 

25.5 

Methyl isopropyl ketone 

5.4 

13.0 

Pinacolone 

5.6 

5.6 


The bisulfite addition compounds of formaldehyde and of acetalde- 
hyde have been proved to be the hydroxy sulfonates, i.e., the sulfur 
atom is joined directly to carbon as indicated in the general fonnula 
/OH 

RCH • Bisulfite addition compounds are reconverted to the 
'^OsNa 

aldehydes or ketones by either acids or bases. 

Hydrogen Cyanide, Hydrogen cyanide reacts additively with alde- 
hydes and many ketones to give cyanohydrins (p. 70). The reaction 
is general for aldehydes but is limited in the ketone series. Cyanohy- 
drins are formed by acetone, diethyl ketone, and pinacolone, but not by 
diisopropyl ketone. The rate of addition is often greatly increased by 
the presence of a trace of a base such as ammonia, piperidine, or quino- 
line. 

The Strecker synthesis of amino acids involves a combination of this 
reaction with another in which the hydroxyl group is replaced by an 
amino group (p. 182). 

/OH H 2 O 

ECHO + HCN ¥ RCH — % RCHCN ^ RCHCO 2 H 

NH2 NH2 

The condensation is carried out by treating an aldehyde with ammonium 
chloride and sodium cyanide. 

The Grignard Reagent. The addition of the Grignard reagent to car- 
bonyl compounds has already been discussed. The Reformatsky reac- 
tion mentioned earlier is very similar. 
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Oxidizing Agents. Aldehydes are readily oxidized. The Fehling, 
Tollens, and Benedict tests for aldehydes are based on this property 
(p. 68). One industrial synthesis of acetic add involves air oxidation 
of acetaldehyde in the presence of manganous oxide (p. 23), 

Many aldehydes undergo oxidation merely by standing in contact 
ivith the air. This is called autoxidation. The aldehyde first takes up 
a molecule of oxygen to give a moloxide which then reacts with a second 
molecule of aldehyde. 

RCHO + O2 ► ECHO 02 

ECHO 02 + ECHO — > 2ECO2H 

Autoxidation is prevented by the presence of certain substances known 
as antioxidants. Hydroquinone is commonly used for this purpose. 
There is evidence also that autoxidation is catalytic; pure benzaldchyde, 
for instance, does not undergo autoxidation. Autoxidation is often ac- 
companied by chemiluminescence. 

Reducing Agents. Aldehydes, ketones, and esters are all capable of 
being reduced but differ widely in the conditions necessary to bring about 
the reaction. Certain methods of reduction deserve special mention. 

Under suitable conditions aldehydes and ketones may be hydrogen- 
ated to give the corresponding alcohols. The usual catalysts are plati- 
num and nickel. Bimolecular reduction is also possible; the products 
are glycols. This type of reduction is characteristic of ketones and 
yields pinacols. 

E\ R\ /E 

2 CO + 2H ^ C— C 

E/ E/ 1 I ^E 

OH OH 

It is of theoretical interest that bimolecular reduction of aldehydes is 
also possible. Saturated aldehydes give only traces of glycols but a,/3- 
unsaturated aldehydes and aromatic aldehydes undergo this type of re- 
duction more readily. Acetaldehyde, acrolein, and benzaldehyde give, 
respectively, 2,3-butanediol, l,5-hexadiene-3,4-diol and hydrobenzoin. 

OHOH 

2 CH 3 CHO + Ha ¥ CH 3 CHCHCH 3 

2,3-Butanediol 

2CH2=CHCH0 + H2 ► CH2=CHCH0H 

CH2=CHCH0H 

l,5-Hexadiene-d,4-diol 

OHOH 

2C6H6CHO + H 2 ¥ CsHfi^HClHCeHs 

Hydrobenzoin 
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Amalgamated magnesium is used frequently to produce pinacols. 


Rn 

2 CO + Mg 
R/ 


Rx 

c 

R/| 


/R 

hR 


-c 


HaO 


Rs 

R/| 


C- 


/R 


O-Mg-0 


OH 




Benzopinacol can be made conveniently by photochemical reduction. 
Benzophenone is dissolved in isopropyl alcohol and the solution exposed 
to sunlight. Benzopinacol and acetone are formed. 

(C 6 H 5 ) 2 C 0 H 

2C6H6COC6H5 + (CH 3 ) 2 CH 0 H > (C6ll5)2COH + CH3COCH3 

Benzopinacol 


The most convenient general method for reducing bcnzophenoncs to 
pinacols is by the use of the binary mixture, Mg + Mgl 2 . The latter 
behaves as though it were magnesious iodide. 


2Ar2CO + 2MgI 


Ar 2 C — CAr 2 


I 

O 


O 


Mgl Mgl 


I ^— 4 Ar2C CAr2 Ar2C — CAr2 

II II 

0 0 OH OH 

^Mg/ 


Zinc and hydrochloric acid reduce a carbonyl group to a methylene 
group. This is the Clemmensen method. 

R\ R\ 

CO + 4H(Zn + HCl) — »■ CHz + H 2 O 

R/ R-' 


It is especially useful in the introduction of saturated side chains into 
aromatic compounds. Hexylresorcinol and 7 -phenylbutyric acid are ex- 
amples. The ketones are readily available by the Friedel-Crafts 
method. 


OH 

A 

COCsHii 


OH 

X 



C6H6C0(CH2)2C02H 


CflHis 

Hejqrlresorcmd 


C6H6(CH2)3C02H 


T-Phenylbutyric acid 


Aldehydes and ketones may also be reduced to the corresponding hy- 
drocarbons by the WoM-Eishner method. The hydrazone is first formed 
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and then decomposed catalytically by heating in a closed tube with po- 
tassium ethoxide or hydroxide. The sequence of reactions is as follows: 


R/ 


CO 


NjH4 


R 


R 






'\ KOH 

C-NNH 2 > CH 2 + N 2 

R/ R/ 


The reaction is of wide application; it usually gives good results with 
aldehydes, ketones, cyclic ketones, keto acids, and unsaturated carbonyl 
compounds. 

Zinc in the presence of aqueous sodium hydroxide is useful in reducing 
ketones to secondary alcohols. Thus benzophenone yields benzohydrol. 

CeHsx CgHsx 

CO + H 2 (Zn + NaOH) ► CHOH 

CoHs"' CgHs^ 

Esters may be reduced to primary alcohols either by sodium and al- 
cohol or by catalytic hydrogenation. 

RCO 2 R' + 2 IT 2 > RCH 2 OIT + R'OH 


Aluminum isopropoxide is a good reducing agent and seems to be 
specific for the carbonyl group. Ethylenic linkages, nitro groups, and 
other unsaturated groupings are unaffected. The reduction of cinnam- 
aldehyde and p-nitrobenzaldehyde may be cited by way of illustration. 

3C6H5CH=CHCH0 + A1 ( OCH ) 

\ ^CHs/a 

► (C 6 H 5 CH=CHCn 20 ) 3 Al + 3 CII 3 COCII 3 

(C6H5CH=CHCH20)3 A1 ^ CoHsCH^CHCHaOH 

The Cannizzaro Reaction. The Cannizzaro reaction (p. 74) involves 
both reduction and oxidation. When an aromatic aldehyde or formal- 
dehyde is heated with alkali the corresponding alcohol and acid (as salt) 
are formed in equal amounts. 

2 HCHO + NaOH ¥ CH 3 OH + HCOaNa 

2ArCHO + NaOH ► ArCH20H + ArC02Na 

Advantage is taken of this in preparing certain benzyl alcohols by using 
formaldehyde and an aromatic aldehyde together. This is called a 
'^crossed” Cannizzaro reaction. 
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+ CH 2 O + KOH 

> CHa^^^CHzOH + HCO 2 K 

The Cannizzaro reaction also occurs with other aliphatic aldehydes, 
though much less generally. n-Butyraldehyde and n-valeraldehyde, for 
example, undergo this reaction completely when heatcid with aqueous 
barium hydroxide for fourteen hours at 150°. 

Exceptional behavior is encountered with benzaldehyde derivatives in 
which the two ortho positions are occupied by chlorine, bromine, iodine, 
or fluorine. In these cases the aldehyde group is eliminated as formic 
acid. Nitro groups produce the same effect. 


CHO 

C1|P^C1 


+ KOH 


Cl/Sci 




+ HC02K 


Similarly 50 per cent potassium hydroxide solution cleaves 2,6-dichlo- 
roacetophenone to potassium acetate and m-dichlorobenzene. 


COCH3 

Clrf^Cl 

I + KOH 

V 


Clrj^Cl 

I 

V 


+ CH3C02K 


a-Keto aldehydes when treated with alkali undergo a reaction which 
is essentially an intramolecular Cannizzaro reaction. The product is the 
salt of a hydroxy acid. 

OH 

RCOCHO + NaOH — > RC-C02Na 

H 


Glyoxylic acid likewise undergoes the Cannizzaro reaction. The prod- 
ucts are sodium oxalate and sodium glycolate. 


2 I .0 + 3NaOH > 

C-OH 


Glyoxylic acid 


CH 2 OH C02Na 
602 Na C02Na 


-I-2H2O 


Glyoxylic acid is the simplest aldehyde acid. It can be made by the 
hydrolysis of dichloroacetic acid. It is of especial interest because it ex- 
ists as the hydrate. This is true of the free acid and of its salts as well 

CHCI 2 CO 2 H -1- 2 H 2 O — > (H0)2CHC02H + 2HC1 
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Acyloin Formation. In ether solution esters react with sodium to give 
acyloins. The mechanism seems to involve the formation of a free radi- 
cal which dimerizes; the dimer loses sodium alkoxide to give the a-dike- 
tone. The latter is reduced by metallic sodium to the enediolate. The 
free enediol (p. 194 ) rearranges to the acyloin. By this method buty- 
roin, for example, may be made in 80 per cent yields. 

ONa 

C3li7C-OC2ll5 -2C2H60Na^ 
C^3H7C-0C2H5 ^ 

ONa 

C3H7CO 2Na C3H7CONa C3H7COH C3H7CHOH 
C3H7CO C3H7CONa ^ C3H7COII C3H760 

The method is general for esters; propionoin, isobutyroin, and piva- 
loin can be made in yields of 55 , 75 , and 60 per cent, respectively. 

By using xylene or toluene as . solvent to obtain liigher reaction tem- 
peratures and consequent greater solubility of the sodium derivatives 
the method has been extended successfully to the synthesis of acyloins 
from twelve to thirty-six carbon atoms. The yields of all are high. 

Glycolaldehydc or forrnoin is the simplest acyloin. Acetoin is avail- 
able commercially, being made by a special fermentation process. 

The Tishchenko Reaction. It was suggested by Tishchenko that the 
Cannizzaro reaction involves intermediate formation of an ester. 

/O 

2C6H5CHO — ► CellsC-OCHzCoHs 

In the presence of alkali the ester would, of course, be saponified. If 
sodium benzoxide is used the ester is the chief product. 

2C6H5CHO CoHsC^OCHzCeHe 

In general, aldehydes may be converted to esters under the influence 
of metal alkoxides. For example, acetaldehyde in the presence of alumi- 
num ethoxide yields ethyl acetate. 

2CH3CHO CHaCCScHaCHs 

This is known as Tishchenko’s method and is general. However, it has 
found little use because the catalyst soon becomes “poisoned” and loses 
its activity. 

Catalytic hydrogenation is widely used in reducing carbonyl com- 
pounds to alcohols. Other useful procedures involve tin and hydro- 
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chloric acid, sodium amalgam, iron and acetic acid, aluminum amalgam, 
and electrolytic methods. 

Potassium Cyanide: The Benzoin Condensation. Aromatic aldehydes 
dimerize under the influence of an alkali cyanide to give benzoins. 

OH 

2ArCnO ^ ArCO^Ar 

k 

This is a general reaction of great importance. It is not limited to aro- 
matic aldehydes but takes place with certain aliphatic aldehydes such 
as phenylglyoxal. 

OH 

KCN I 

206115000110 — ► OcHsOOOOOOOOoHs 

I 

H 

Phosphorus Pentachloride. This reagent converts aldehydes and 
ketones to the corresponding dichloro derivatives. 

0=0 + P 01 r> ► OOI2 + POOI3 

IV 


This reaction is general but finds little use. Its application in the syn- 
thesis of acetylenic compounds already has been noted. 

Polymerization. Polymerization is characteristic of aldehydes. For- 
maldehyde, for example, forms paraformaldehyde or polyoxymethylene. 

nOHsO ► (0H20)n 

The formula of the polymer is represented as follows. 

OOH2OOH2OOII2OOH2OOH2OOH2OOH2 


Ring formation often halts polymerization. Acetaldehyde gives a 
liquid trimer, paraldehyde (p. 75). Metaldehyde, a solid tetramer of 
acetaldehyde, is apparently also a ring compound. Neither the trimer 
nor the tetramer reduces Fehling^s solution. Both revert to acetalde- 
hyde when heated. 

The Willgerodt Reaction. Willgerodt found that alkyl aryl ketones 
could be converted to the amides of the corresponding w-aryl fatty acids 
by treatment with yellow ammonium sulfide. For example, /S-acetonaph- 
thone yields the amide of jS-naphthylacetic acid, and /S-propionaphthone 
yields the amide of i3-(iS-naphthyl)-propionic acid. 



^J\yCH2CH2C0NH2 
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PROBLEMS 

1. By means of an equation indicate the reaction which takes place between 

CH,\ 

a. CO and NaHSOs 
CH/ 

b. CeHsCnO and H 2 NOH 
C.H6S 

c. CO and sodium in ethyl alcohol 
CoHb'' 

/CIT2CH2\ 

d. CH 2 CO and CgHsNHNHj 

''CH2CH2/ 

e. CH 3 CH 2 CHO and NH 4 CN 


2. Outline a method for making 

a. CHsCOCHsCHs 

CH2-CH2\ 

b. I C(0CH3)2 

CH2-CH2/ 

/OCsHb 

c. CHsC-OCzHb 

I 

H 

OH 



H 

e. OH 


ij^CHO 
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CHAPTER XXIII 


SUBSTITUTION AND CONDENSATION REACTIONS OF 
CARBONYL COMPOUNDS 

Halogenation 

As has been mentioned earlier aldehydes and ketones which have an 
a-hydrogen atom are readily halogenated by chlorine or bromine. 

RCH 2 COR + X 2 ¥ RCHCOR + HX 

I 

X 

As a rule, esters cannot be halogenated successfully. 

It is possible to convert an aldehyde into the corresponding acid chlo- 
ride by direct chlorination. o-Chlorobenzoyl chloride is made in this 
way. 

CHO COCl 


If the process is interrupted when half the theoretical amount of chlo- 
rine has been added and the reaction mixture is allowed to cool, a solid 
is formed which is an addition compound of the aldehyde with the acid 
chloride. 

O O 

C1C6H4C^ + CICeHiC-Cl ¥ ClCcH4C-OCHC6H4a 

This reaction between an aldehyde and an acid chloride to give a chloro 
ester is general. 

The Halofonn Reaction. A reaction which is characteristic of methyl 
ketones is that brought about by the action of hypohalites. It converts 
methyl ketones to the salts of the corresponding acids (p. 81). 

RCOCH 3 + 3NaOX — > RC02Na + HCX 3 + 2NaOH 

Alcohols whose oxidation products are methyl ketones give this reaction 
also. Ethyl alcohol and acetaldehyde give it but methanol does not. 

316 


p^ci 


^ 140-160“ 

+ CI2 ¥ 


A,C1 


+ HC1 
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jS-Diketones may also yield halofonns. The process probably in- 
volves cleavage of the dihalogen derivative. An interesting example is 
the degradation of methone to j8,i8-dimethylglutaric acid. 


/CH2CO 

(CH3)2C x:h2 
X^HaCO 
Methone 


(CH3)2C 


/CH2C0 


XJHzCO 


X^X2 


/CH2C02Na 

> (CH3)2C 


n:h2COchx2 


/CH2CO2H 

— ¥ (CH3)2C 

N:H2C02H 

j8,)3-Dimethylglutaric acid 


Perhaps the most elegant use of the haloform degradation is the con- 
version of unsaturated ketones to the corresponding acids. Ordinary- 
oxidizing agents would attack the ethylenic bond. Cinnamic acid can 
be made from benzalacetone by this method. 

CeHsCH^CHCOCHa ► C6H5CH=CHC02H 


Oxidation 

Aldehydes and ketones which have a methylene group next to the car- 
bonyl group are oxidized to dicarbonyl compounds by selenium dioxide. 

RCOCH3 + Se02 — > RCOCHO + Se + H2O 

The same transformation may be brought about by the use of nitrous 
acid. A ketoxime is formed and yields a dicarbonyl compound when 
hydrolyzed. The synthesis of methyl phenyl diketone is an example. 

CeHsCOCHaCHs + HONO > CeHsCOCCHa + H2O 

Aoh 

C6H6COCCH3 + H2O ¥ C6H5COCOCH3 + H2NOH 

II 


Enolization 

Enolization is characteristic of compounds which contain methylene, 
or methinyl groups atuated between two carbonyl or similar unsaturated 
groups. Such groups exhibit unusual chemical reactivity, and are said 
to be “active.” Malonic esters, acetoacetic esters, cyanoacetic esters, 
and 1,3-diketones such as acetylacetone and dibenzoylmethane are 
among the important examples. 
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CH3COCH2CO2C2H6 

Acetoacetic ester 

CH2(C02C2Hs)2 

Malonic ester 

C6H5COCH2COC6H6 

Dibenzoylmethane 


/CO2C2H5 

CH2 

^CN 

Cyanoacetic ester 

CH3COCH2COCH3 

Acetylacetone 


The most important of these are ethyl acetoacetate and ethyl malonate, 
which have been considered earlier (p. 151 ). The properties of these 
substances will be set forth by reference to examples. 


Condensation Reactions 

Aldehydes, ketones, esters, anhydrides, and similar compounds con- 
taining active hydrogen atoms undergo many reactions involving the 
formation of carbon-carbon linkages. Various types have been studied; 
among these are the aldol, Perkin, I^noevenagel, acetoacetic ester, 
Michael, Claisen, Claisen-Schmidt, Dieckmann, Tollens, and Mannich 
reactions. Actually many of these types of reactions are so similar that 
dijfferentiation is often difficult. 

The most satisfactory classification which has been made separates 
these reactions into four categories: alkylation, the Claisen condensa- 
tion, the aldol condensation, and the Michael condensation. The first 
three of these will be considered here: the Michael condensation will be 
discussed later (p. 337 ). 

Alkylation 

In the alkylation reaction (p. 151 ) the reactants are generally a reac- 
tive methylene compound, such as ethyl acetoacetate, and an alkyl hal- 
ide. The reaction is usually effected by a base which presumably con- 
verts the active methylene compound into an enolate ion capable of 
acting as an electron donor. The alkylation of ethyl acetoacetate with 
n^butyl bromide may be used as an example. 

O 

CHsCOCHiCOzCiHi CHjfi-CHCOjCjHs 

J(.) 

• • 

: 0 : 

CH3C=CHC02C2H8 

0>) 
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The enolatc ion is apparently a resonance hybrid of the structures a and 
&. It is alkylated by the alkyl halide. The reaction generally involves 
form a. 


[CH3C0CnC02C2H5]Na+ + RX ► CH3COCIICO2C2H5 + NaX 

I 

R 


A second radical may be introduced if desired. 


CH3C0CC02C2lIr> 

I 

R 


Na+ + RX 


R 

CIl3C()CC02C2H5 + NaX 

I 

R 


The two R groups so introduced may be alike or different. The intro- 
duction of the first alkyl radical greatly reduces the enolization tendency; 
this accounts for the fact that the second alkyl group tends to go in 
more slowly than the first. 

With n-butyl bromide the following alkylation products are obtained: 

C4H9 

CH3COCHCO2C2H5 C113COCCO2C2H5 
C4H9 64119 


The enol form of the monoalkyl derivative is less acidic than that of 
the original ester. This is very fortunate because it permits the alkyl- 
ation of the latter in the presence of the former, thus making possible 
monoalkylation with very little dialkylation. The explanation is to be 
sought in the ability of the more strongly acidic enol to compete suc- 
cessfully for the sodium. 


OH 

CH3C=CnC02C2H5 + 


0 

CH3C=CC02C2H5 

I 

R 


Na 


► CH3COCHCO2C2H5 + 

I 

R 


[CH3C=CHC02C2H5jNa 


Primary and secondary alkyl halides give this reaction. Allyl and 
benzyl halides react very readily. Vinyl and aryl halides, however, do 
not react. Many other types of compounds react in the same way as 
do the alkyl halides. Acid chlorides and anhydrides give acylation prod- 
ucts. Like other very reactive substances — such as a-halogen ethers, 
for example — acid halides and anhydrides cannot be used in alcohol 
solution. 
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Ethylene oxide or ethylene chlorohydrin reacts to give a lactone. 
The latter can be transformed into acetopropyl alcohol 

[CH3C0CHC02C2H5]Na + CH2-CH2 

CH3COCH-CO 

— y I x> + C2H50Na 

CH2-CH2 


CH3COCH-CO 

I >0 + H2O 
CH2-CH2 


CH3COCH2CH2CH2OH + CO2 


Ethyl acetosuccinate is made by condensing the sodium derivative of 
ethyl acetoacctate with ethyl chloroacetate. 

[CH 3 C 0 CHC 02 C 2 H 5 ]Na + CICH2CO2C2H6 

> CH3COCHCH2CO2C2H5 + NaCl 

CO2C2H5 

Ethyl acetosuccinate 

A reaction of especial interest takes place when the salt of ethyl aceto- 
acetate or ethyl malonate is treated with iodine. Two molecules of 
ethyl acetoacetate arc coupled together in the following manner: 

2[CH3C0CHC02C2H5]Na > CH3COCHCO2C2H5 + 2NaI 

CH3COCHCO2C2H5 


This is probably an alkylation involving the intermediate formation of 
an iodo ester which acts as the alkylating agent. Ethyl malonate may 
be used as an example. 

[CH(C02C2H5)2]Na + I2 > ICH(C02C2H6)2 + Nal 

[CH(C02C2H6)2]Na + ICH(C02C2H6)2 > CH(C02C2H5)2 + Nal 

CH(C02C2 Hs )2 

This reaction has been used to form rings. 


-CH2C(C02C2H6)2- 

CH2 

.6h2C(C02C2H5)2- 


Na2 "b I2 


/CH2-C(C02C2H5)2 
CH2 I + 2NaI 

n::h2-C(C02C2H5)2 


Ketones also may be alkylated. Sodium amide generally is used to 
form the enolate. From acetone methyl ethyl ketone may be made. 


CH3COCH3 4 NaNIl2 — ► [CHsCOCH^Na + NHs 

I^CHal 

CH3COCH2CH3 
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This process may be continued until six methyl groups have been in- 
troduced, forming hexamethylacetone, (CH3)3CCOC(CH3)3. 

Chloromethyl ether is a very unusual alkylating agent, giving 0 -alkyl 
derivatives under ordinary conditions. 

[CH 3 C 0 CHC 02 C 3 H 5 ]Na + CICH2OCH3 

> CH3C=CHC02C2H6 + NaCl 

6CH2OCH3 

The Claisen Condensation 

The Claisen type of condensation may bo formulated as follows: 

RC + >CHCO ¥ RC-C-CO + HY 

\y I /\ I 

The electron-donating component is usually an ester or ketone and 

RC is generally an ester, anhydride, or acid chloride. The aceto- 
''Y 

acetic ester and Dieckmann condensations arc to be regarded as special 
cases of the Claisen condensation. 

/O ^0 /O 

RC -f RCH2C — ► RC-CHC-OR + ROH 

X)R '^OR ^ 

Whereas the Claisen condensation is usually effected by bases, an 
analogous reaction has been carried out between acetic anhydride and 
acetophenone with boron trifluoride as the catalyst. 

^0 

CH3C BFs 

>0 -f CH3COC6H5 —4 CH3COCH2COC6H5 + CH3CO2H 

CH3C 

H) 

With active methylene compounds acid chlorides normally give C- 
acyl products but under certain special conditions 0-acyl derivatives or 
enol esters may be produced. An example is the action of acetyl chlo- 
ride on the sodium derivative of ethyl acetoacetate in the presence of 
pyridine. 

[CH3C0CHC02C2H5]Na + CH3COCI 

OCOCH3 

CH36=CHC02C2H3 H- NaCl 
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Benzoylation of ethyl acetoacetate leads to a diketo ester. 
[CH3C0CHC02C2H6]Na + CcHsCOCl 

CII3CO 

► X!HC02C2H5 + NaCl 

CeHsCO 


Hydrolysis with a very dilute solution of ammonia removes the acetyl 
group and serves as a preparative method for ethyl benzoylacetate. 
CH3CO 

X^HC02C2Hs + H2O + NH3 
CgHsCO 

► CCH5COCH2CO2C2H5 + CH3CO2NH4 


Acetoacetic Ester Condensation. The essential feature of the ace- 
toacetic ester condensation is the elimination of the OR radical from 
one molecule of an ester along with an a-hydrogcn atom from another 
ester molecule. Mixtures of esters generally give mixtures of products. 
Thus ethyl acetate and ethyl propionate yield about equal amounts of 
the four possible products. 

rCH3CH2C0CH2C02C2H6 

CH3COCH2CO2C2H5 


CH3CII2CO2C2H6 + CH3CO2C2H5 


CH3COCHCO2C2H6 

CHg 


CH3CH2COCHCO2C2H5 

CH3 


Exceptional in this respect is ethyl oxalate, which, having no a-hydrogen 
atoms, cannot condense with itself in the Claisen manner. 

The acetoacetic ester reaction is very general but ordinarily does not 
occur unless the ester in question has two a-hydrogen atoms. It is suc- 
cessful with ethyl propionate but fails with ethyl isobutyrate. 

2CH3CH2CO2C2H5 CH3CHCO2C2H5 + C2H5OH 

COCH2CH3 


It has been found recently that even ethyl isobut3Tate will condense in 
the presence of mesitylmagnesium bromide or sodium triphenylmethyl. 

CHss CsHiiMeBr 

2 CHCO2C2H5 - ■- 4 C-CO2C2H6 + C2H6OH 

CH 3 / CH 3 / X^0CH(CH3)2 

The condensation of ethyl oxalate with esters leads to the formation 
of a-keto esters. 

RCH2CO2R + (C02R)2 — ► RCHCX)2R + ROH 

60CO2R 



322 


REACTIONS OF CARBONYL COMPOUNDS 


These have the remarkable property of decomposing thermally to give 
carbon monoxide and the corresponding substituted malonic ester. This 
reaction is used, for example, to make ethyl phenylmalonate. 

C6H6CH2CO2C2HS + (C 02 C 2 H 5)2 > C6H5CHCO2C2H5 

COCO2C2H6 

CcH5CH(C02C2H5)2 


This type of transformation is also involved in the synthesis of pimelic 
acid from cyclohexanone. It consists in the hydrolysis of the keto ester 
obtained by pyrolysis of the ethoxalyl derivative. 


0 

II 

C 

/ \ 

CH2 CHCOCO2C2HS _co 


CH2 

\ / 

CH2 


CH2 


> I 


o 

II 

c 

/ \ 

cn2 CHCO2C2H5 H20 


CH2 

\ / 

CH2 


C1I2 


/CO2H 

(CH 2).5 

\c02H 


Pimelic acid 


When heated alone ethyl acetoacetate yields dehydroacetic acid. 

CH 3 -C-CH-C =0 

J-, . 4 - . 


OH 


I OC2H5 


Ih 

‘■f — 

C2H510-C-C-COCH3 

0 i 


-> cn3C=cH-co 

I + 2C2H5OH 
0-CO-CHCOCH3 

Dehydroacetic acid 


Dieckmann Method. When the Claisen condensation takes place 
intramolecularly it is generally spoken of as Dieckmann's method. For 
example, ethyl adipate reacts with sodium ethoxide to give 2-carbethoxy- 
cyclopentanone. 




NaOCaHe^ ^^2 ^ 

* CH2 CHCO2C2H6 


■CH(2jC-OC2H5 
O 


C2H6OH 
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Pimelic esters react similarly to yield cyclohexanone derivatives after 
hydrolysis and decarboxylation of the cyclization product. 

CO 

/ \ 

/CH2CO2R NaOR CH2 CHCO2R 

-»oh’ in, A1I2 

Many variations of this method have been discovered. Ethyl succi- 
nate, for example, gives succinosuccinic ester. 


9.- 


/ClpCjlfs HICHCO2C2H6 

CH2 


CH2 CHCO2C2H5 


EGH £ 2 H 5010 CCH 2 

CO2C2H5 


^CH CH2 

C2H502C^ 


+ 2C2H5OH 

Ethyl oxalate can be condensed with ethyl glutarate to yield a dike- 


tonic ester. 
CO2C2H, 


CO2C2H5 


II-C-H 

I + >CH 2 

CO2C2H5 II-C-H 

CO2C2H5 


/ 

CO 

I 

CO 

\ 


CHC02C2H5 


CH2 + 2C2H50H 


CHC02C2H5 


The Aldol Condensation 

The aldol condensation embraces a group of reactions among which 
are the aldol, Perkin, Knoevenagel, Tollens, and Mannich condensations. 
The electron-accepting reactant is generally an aldehyde (but may be a 
ketone) and the electron-donating component may be an anhydride, 
ester, j8-keto ester, or other active methylene compound. The reactions 
have the following generalized form: 

/O 

RC^ -f CH 2 CO > RCHCHCO 

\H I I II 

Usually the j8-hydroxy or aldol compound loses water. 

OH 

r6hCHCO — > RCH=C-CO -I- H 2 O 

II 11 
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An example is the formation of benzalacetone from benzaldehyde and 
acetone. 

CeHsCHO + CH3COCH3 — V C 6 H 5 CH=CHC 0 CH 3 + H2O 

In the older classifications the term aldol condensation was reserved 
for the reaction between two molecules of a simple aldehyde or ketone. 
Less reactive substances require more drastic conditions and, by refer- 
ence to these, various names have been given to the aldol type of re- 
action. 

Aldehydes dimerize in the presence of alkalies to give aldols (p. 73). 

OH 

' RCH2CHO + RCH2CHO ^"-—7 RCH2CHCHCHO 

NaOH ^ 

This type of reaction is very general. Usually the initial reaction prod- 
uct loses water, giving an a,jS-unsaturated carbonyl compound. Aldol 
itself, for example, is easily converted to crotonaldehyde (p. 74). 

OH 

ch3(!^hch2Cho chsCh-chcho 

Aldol Crotonaldehyde 

Aldol can be hydrogenated to give the corresponding glycol which when 
dehydrated yields 1,3-butadiene, a raw material for synthetic rubbers. 

Acetophenone undergoes an analogous transformation under the in- 
fluence of hydrogen chloride. The product is dypnone. 

CHa 

2C6H5COCH3 ¥ CeHsC^CHCOCoHs + H2O 

This condensation is best carried out with aluminum ^-butoxide as the 
catalyst. 

a,iS-Unsaturated compoimds in general tend to undergo chain cleav- 
age under the influence of alkalies. This probably involves hydration 
to the aldol which then breaks down. 

H2O 

RCH=CHCOR t= RCHCH2COR RCHO + CH3COR 
OH 

Methyl ethyl ketone is of exceptional interest because it can undergo 
aldol condensations involving either the methyl or the methylene group. 
It has been found experimentally that when the catalyst is hydrogen 
chloride the methylene group is attacked chiefly. Sodium ethoxide leads 
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to condensations primarily affecting the methyl group. The condensation 
of methyl ethyl ketone with benzaldehyde illustrates this. 






CH 3 COCH 2 CH 3 + CeHsCHO, 




C6H5CH=CHC0CH2CH3 


CH 3 COCCH .3 

CHCeHs 


Perkin Condensation. Anhydrides are relatively unreactive and even 
with aldehydes require long treatment at elevated temperatures. These 
are the conditions which characterize the Perkin reaction. Thus benzal- 
dehyde, when heated with a mixture of sodium acetate and acetic an- 
hydride, gives rise to cinnamic acid. 

OgHsCHO + (CH3C0)20 ► C6H5CH=CIIC02H + CH 3 CO 2 H 


This probably proceeds through the intermediate hydroxy acid. 

C 6 H 5 CIICH 2 CO 2 H CeHsCHOHCOzH 

6 h 


The reaction is general for aromatic aldehydes. Condensation always 
takes place on the a-carbon atom of the reagent. Thus, from propionic 
anhydride and sodium propionate a-methylcinnamic acid is produced. 

CeHsCHO + (CIl3CH2C0)20 

> C 6 H 6 CHOCO 2 H + CH 3 CH 2 CO 2 H 

CHs 


It is now generally accepted that the condensation takes place between 
the aldehyde and the anhydride, the salt merely acting as a catalyst. 

An interesting example of the Perkin reaction is the condensation be- 
tween benzaldehyde, succinic anhydride, and sodium acetate. 


CeHsCHO + CH2 -COv 

I P 

CH 2 -CCK 


CsHsCH-CH-COv 


OH^ 


Hr-CO^ 


O 


C6H6CH-CHCO2H 

6 6h2 
^c6 

Phenylparaconic add 
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Apparently the aldol rearranges, for the final product is the lactonic 
acid, phenylparaconic acid. This acid is of particular interest because 
heat converts it to a-naphthol. 




Applied to salicylaldehyde, the Perkin synthesis yields the salt of 
o-hydroxycinnamic acid. The free acid, however, is unstable and im- 
mediately forms the lactone, cournarin. 


iJloH 


^ CHsCOsNa 

+ (CH3C0)20 > 


/\cH=CHC 02H 




-H20 

¥ 


CH 

/V Vh 


0 

Cournarin 


CO 


The Perkin condensation is also involved in the synthesis of amino 
acids through the azlactones. The method is illustrated by the prepara- 
tion of dl phenylalanine from benzaldehyde and acetylaminoacetic acid. 
The product of the condensation, known as an azlactone, is converted 
to the amino acid by a series of transformations involving hydrolysis, 
hydrogenation, and a second hydrolysis. 


C6H5CHO+CH2CO2H (CH.C0).0 CgHsCH^C CO 

NHCOCH 3 CH,CO,Na^ N .6 

9 

CHs 



CeHsCHzCHCOzH^ CaHfiCHaCHCOsH^^ C0H5CH-CCO2H 

NHa ^ ilHCOCHa NHCOCHa 
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Claisen-Schmidt Method. Schmidt introduced the use of a 10 per cent 
aqueous sodium hydroxide solution as catalyst. By this method, for 
example, benzaldehyde is caused to react with acetophenone to give 
benzalacetophenone. 

N.t,OII 

CeHsCHO + CHsCOCeHs ► CoHsCH^CIICOCgHs + H2O 

Similarly from benzaldehyde and acetone are obtained benzalacetone 
and dibenzalacetone. 

CeHsCHO + CH3COCH3 CoH5CH=CHCOCH3 

~-H20 

Benzalacetone 

> C6H5CH=CHC0CH=CHC6H5 

Dibenzalacetone 


Knoevenagel Method. Knocvenagel found that condensations be- 
twf^en carbonyl compounds and active methylene compounds often could 
be effected by using ammonia or an amine as the catalyst. Piperidine and 
diethylainine are probably used more frequently than other amines. An 
example is the condensation of formaldehyde with ethyl malonate. 


CH2O + 2CH2(C02C2H5)2 


(C2H,)2NH 




/CH(C02C2H5)2 
CH2 + H2O 

\CH(C02C2H5)2 


Similarly benzaldehyde condenses with malonic acid in the presence 
of piperidine. 

CeHsCHO + CH2(C02H)2 — ► CgH5CH=C(C02H)2 + H2O 


It has recently been shown that the catalyst in the Knoevenagel reac- 
tion is really the ammonium (piperidinium, diethylammonium) ion 
formed by traces of acid present in the aldehyde. If the aldehyde is 
freed from acid the reaction does not take place. Unless one of the re- 
actants is an acid, it is best to use piperidine acetate. 

ToUens’ Condensation. Tollens developed a method of condensing 
formaldehyde with aldehydes and ketones which depends on the use of 
calcium hydroxide as catalyst. It requires long treatment and tends to 
give pol 3 m[iethylol derivatives. An interesting example is the synthesis 
of pentaerythritol from acetaldehyde. 

CH3CH0 - 25 !^ HOCH2CH2CH0 i (hoch2)3Ccho 

(H0CH2)4C 4- HCO2H 

It will be noted that the process involves a threefold aldol condensation 
followed by a “crossed” Cannizzaro reaction. 
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Pentaerythritol is converted by nitric acid into pentaer 3 rthritol tetra- 
nitrate, C(CH20N02)4. The tetranitrate is similar to nitroglycerine 
and is an extremely important explosive. It is called PETN. 

The synthesis of pantothenic acid involves an interesting example of 
the Tollens condensation. Pantothenic acid, a member of the vitamin 
B group, has been found in a great variety of foods. It has growth- 
promoting properties and a curative action against dermatitis develop- 
ing in chicks fed on a heated diet. Pantothenic acid consists of (+)or, 7 - 
dihydroxy-j8,i3-dimethylbutyric acid joined with jS-aminopropionic acid 
(jS-alanine) by means of an amide linkage. 

CH3 OH Q 

HOCH2C — (‘::h(>nhch2CH2C02H 

CH 3 

Pantothenic acid 

The acid was synthesized from isobut 3 a-aldehyde. The aldehyde was 
first converted into Q:,«-dimethyl-i8-hydroxypropionaldehyde by treat- 
ment with formaldehyde in the presence of potassium carbonate. 

CH3 CH3 

djHCHO + CH2O HOCH26CHO 

CH3 CHs 

The hydroxy aldehyde was then transformed into the corresponding 
cyanohydrin through its bisulfite addition compound. 

CH3 CH3 

HOCH26CHO + NaHSOa — > HOCH26 — CHSOsNa 

CHs 6 h3 oh 

CH 3 CH3 

HOCH 2 C — CHSOsNa + KCN — > HOCH 2 (!:! — CHCN + NaKSOa 
6^3 OH (^Ha OH 

Treatment with hydrochloric add changed the nitrile to the lactone of 
the dihydroxy add. 

CHs CHs OH 

HOCH26 — CHCN + H2O + Ha — > CH3-6 — CH-CO + NH4a 
dais d)H 6 h2 — 6 

The dihydroxy add was resolved by means of its quinine salt and the 
active lactones were condensed with j9-alanine ester to give the two 
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ethyl pantothenates. Hydrolysis of these yielded (+) rotatory and (— ) 
rotatory pantothenic acids. 


CH3OH 

CH 36 — (^H-CO + NH2CH2CH2CO2C2H5 

6H2 6 

CHs 


— ► HOCH2(’i — CHCONHCH2CH2CO2C2H6 
^HsOH 


CH3 

2 ^ HOCH26 — CHCONHCH2CH2CO2H 

CH3 OH 

Pantothenic acid 


The synthetic (+) pantothenic acid showed the expected biological 
activity when assayed on chicks and rats. 

Mannich Reaction. If aldol condensations are carried out in the 
presence of amines, amino ketones frequently result. The interaction of 
formaldehyde, acetophenone, and dimethylamine is an example. In 
practice the base is isolated as the hydrochloride. 

CeHgCOCHa + CH 2 O + (CH3)2NHHC1 

— > C6H6C0CH2CH2N(CH3)2 HC1 + H 2 O 

This is known as the Mannich reaction. 

Reactions of Hydrocarbons Which Contain Active Methylene Groups. 
Especial mention must be made of certain active methylene compounds 
which bear no formal resemblance to carbonyl compounds. These are 
cyclopentadiene and its benzologs, indene and fluorene. They enter 
into condensation reactions with aldehydes and ketones to give fulvenes. 
Cyclopentadiene reacts with benzaldehyde and acetone to give phenyl- 
and dimethylfulvene, respectively. 

/CH=CH /CH=CH 

CeHsCHO + CH 2 I — ► C6H6CH=C | + H 2 O 

n:h=ch N:!H=CH 

Phenylfulvene 

CH8\ /CH=CH CH3\ /CH=CH 

C=0 + CH 2 I — ► C=C I +H 2 O 

CHs^ X:iH=CH CH 3 / X1H=CH 

Dimethylfulvene 

It is interesting to note that dimethylfulvene possesses active hydrogen 
— a fact which is in harmony with its vinylogous relationship to cyclo- 
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pentadiene (see Chapter XXX). Biphenylenemethylethylene has been 
condensed with anisaldehyde. 


/\ 


/\ 



CHCHs + OC<^^^^^OCIl3 CIICH=Cn<^^ ^0CH3+H20 


H 


PROBLEMS 

1 . Outline satisfactory methods for making the following compounds from 
readily available raw materials. Indicate the catalysts used and classify the 
condensation reactions which are involved. 


a. m-N 02 C 6 ll 4 CII-CHC 02 H 

b. C6H6CH=CHN02 

C. CII3COCII2COCO2C2HS 
d. C0(CH2C02H)2 

c. C«H6C0CH2C02C2 Hb 

/. CH3C0CH(C6H6)C02C2H6 

g. C 2 H 6 COCH 2 C 6 H 6 

h. CHir-C0-CHC02C2H6 

CH2 CH2 

i. CH(C02C2Hb)3 

j. CH3CHC02C2n6 

COC02C2H6 

k. C6H6CH(C02C2H8)2 


CII CH 

II II 

1 . CH3C0CH=CH-C CH 

\ / 

0 

m. CH3COCHCO2C2H6 

CH2CO2C2HB 

n. C6H6CII=CHC0CII=CIIC6H5 

0 . p-CH3C6H4CH=CHCN 

p. (C2Hb02C)2C=C(C02C2H6)2 

q. H 02 C(CH 2 ) 6 C 02 H 

r. C 6 H 6 CH(CN)CH 2 COC 6 Hb 

s. CH 3 COCH-CHCOCH 3 

CHs CHj 

t. CH 3 COCH 2 CH 2 CO 2 H 


2 . For each of the following compounds outline a useful method of synthesis 
from readily available materials. Indicate the catalysts which would be used. 


o. C«HbCH=CHCOCH8 

b. CH,\ 

CHCO 2 H 

CjHb/ 

/C2H5 

c. CHjCOCH 


d. C6H6CH=CC02H 

C2H6 


e. 


CO 

/ \ 

CH2 CHs 

I I 

CH* — CHj 
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/. CH3(CH2)6C0(CH2)6CH3 


g, C 6 H 6 COCH 2 COCO 2 C 2 H 6 


h, CH3CHCO2H 
CH3CHCO2H 
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i. C2H6\ 


CH3'^ 
j. CH 3 V 


C-CHC02C2H6 


CH2< 

c 

CH3/ 


CHC02H 

/ 

'^CIICOsH 
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DNSATURATED CARBONYL COMPOUNDS 

Unsaturated carbonyl compounds result from many of the conden- 
sations considered in the preceding chapter and are known in large 
numbers and in great variety. In general they possess the properties of 
olefins as well as those of saturated carbonyl compounds. However, if 
the ethylenic bond is in the a, jS position with respect to the carbonyl 
group, i.e., if the two form a conjugated system, certain peculiarities 
are encountered. 

The addition of Grignard reagents in the 1,4 manner already has been 
mentioned. Actually, 1,4 addition of a Grignard reagent to an aldehyde 
has been observed rarely. Many ketones and esters, however, react in 
this way. 

Bimolecular Reduction. Q:,i8-Unsaturated ketones and esters often 
undergo bimolecular reduction in which the two simple molecules are 
joined not at position 2 but at position 4. This may be thought of as 
1,4 addition as contrasted to pinacol formation which is to be regarded 
as 1,2 addition. 

R\ R\ 

C=0 COH 

R/ R/ 

R\ 

C=0 COH 

R/ R/ 

Pinacol formation (1,2 addition) 

R 

RCH=CHC=0 RCHCH 2 COR 

RCH=CHC=0 ^ RCHCH 2 COR 

I 

R 

Bimolecular reduction (1,4 addition) 

An example of bimolecular reduction of this t 3 rpe is the conversion of 
methyl dnnamate to methyl j3,jS'-diphenyladipate. 

2 C 6 H 6 CH=CHC 02 CH 3 ^^2*4 C 6 H 5 CHCH 2 CO 2 CH 3 

, CaH66HCH2C02CH3 
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Ammonia and Amines. a,j8-Unsaturated ketones and esters react 
with ammonia and primary and secondary amines to give |3-amino com- 
pounds. Mesityl oxide, for example, combines with ammonia and with 
methylamine as follows: 


CHax 

C=CHC0CH3 + NH 3 

CH3/ 

CH3X 

C=CHC 0 CH 3 + CH 3 NH 2 

CHs^ 


CHas 

CCH 2 COCH 3 

Cltas 

CCHjCOCH, 

oh»"]1jhch. 


Phorone condenses with ammonia to form triacetoneamine. The 
mechanism appears to involve two steps each of which may be looked 
upon as being of the 1,4 type. 


CH3\ 

CH3\ 

C=CH 

C CII 2 

CH 3 / 1 


CO + Nila 

CHav 1 

CHax 1 

C=CH 

c — cu 

CH 3 / 

CH 3 / 


CH3\ 

C CH 2 

CHa^l I 

NH CO 

CH 3 ^| I 

C CH 2 

CH3/ 

Triacetoneamine 


Ethyl crotonate combines with diethylamine to give the correspond- 
ing /3-amino propionate. The reaction can be reversed by heat. 

CH3CH=CHC02C2H5 + (C 2 H 5 ) 2 NII ±Z7 CH 3 CHCH 2 CO 2 C 2 H 5 

N(C2H5)2 

Hydrazine. The reaction between aldehydes and hydrazines normally 
leads to the formation of azines. However, unsaturated aldehydes tend 
to undergo ring closure to give pyrazolines. Cinnamaldehyde reacts in 
this manner when treated with an excess of hydrazine; the product is 
5-phenylpyTazoline. 

CeHaCH^CHCHO + H 2 NNH 2 — ► C 6 H 6 CH=CHCH=NNH 2 


C 6 H 5 CH-CH 2 
—4 I >CH 

NH-N 

Phenylhydrazine reacts similarly to give 1,5-diphenylpyrazoline. 

C6H6CH=CHCH0 + C 6 H 6 NHNH 2 — ¥ C6H5CH=CHCH=NNHC6H6 

C6H6CH-CH2 
— ► I >CH 

CeHsN— N 


The ring closure in these examples is due to an addition of the 1.4 type. 
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Hydrogen Cyanide. Whereas the formation of cyanohydrins by the 
addition of hydrogen cyanide is limited to aldehydes and a few of the 
more reactive ketones, 1,4 addition will occur with many ketones and 
esters. Benzalacetophenone and ethyl a-cyanocinnamate undergo this 
type of reaction. 

CgHsCH^CHCOCgHs + HCN V CGlIsCHCHsCOCeHs 

CN 

C6H5Cn=CC02C2H5 + HCN — > CGH 5 CHCHCO 2 C 2 H 5 
CN CNCN 

Aromatic Hydrocarbons. It has been pointed out that aromatic hydro- 
carbons may combine with olefinic compounds in the presence of alumi- 
num chloride. If the olefinic bond is conjugated with a carbonyl group 
the addition is still possible but always produces a /3-aryl derivative. 
It probably should be classified as of the 1,4 category. This reaction 
will not occur unless hydrogen chloride is present, and it seems likely 
that 1,4 addition of the hydrogen halide is the first step. The second 
step would then be a normal alkylation. Many condensations of this 
t 3 rpe are known. An interesting example is the addition of benzene to 
benzalacetophenone. 

C6H5CH=CHC0C6H5 (C0H5)2CHCH2COC6H6 

A1C13 


This reaction appears to take place reversibly, for, in benzene solution, 
p-bromobenzalacetophenone gives the same product; brornobenzene is 
also formed. 

BrC6H4CH=CHCOC6H5 + 2CgH6 

AICI3 

(CgH 5)2CHCH2COC6H5 + CeHGBr 

Cinnamic acid and p-benzoquinone also react. From the latter 
2,5-diphenylhydroquinone is formed. 



However, a method is known by which a,i 8 -unsaturated carbonyl 
compounds can be arylated in the a-position. This consists in treating 
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the unsaturated compound with an aryldiazonium chloride or bromide. 
a-(p-ChlorophenyI)-cinnamaIdehyde can be made in this way. 

CoH5CH=CHCHO + CICCH4N2CI 


CHsCOaNa 

alcohol 


♦ CeHsCITOCHO + N2 + HCI 
C6H4CI 


The Principle of Vinylogy 


This principle is an empirical rule formulated so as to include as many 

as possible of the peculiar effects ordinarily ascribed to conjugation. 

I I I 

With reference to a conjugated system of the t3rpe R-(C=C)„-C= 0 , the 

2 1 

principle states that the function of the oxygen atom does not change 
with n, and that the function of carbon atom 2 may be usurped by the 
carbon atom joined to R. 

An interesting example of the operation of this principle is furnished 
by the vinylogous series ethyl acetate, ethyl orotonate, and ethyl 
sorbate. 

^0 

CH3C-OC2H5 Ethyl acetate 


CH3 


-CH=CH 


/O 
C-OC2H5 


Ethyl crotonate 


CH3 


-CH=CH-CH=CH 


/O 
C-OC2H5 


Ethyl sorbate 


In each the terminal methyl group is reactive. With ethyl oxalate in 
the presence of potassium ethoxide they give the corresponding ethyl 
oxalyl derivatives. 

CH2CO2C2H5 

COCO2C2H5 


CH2CH=CHC02C2Hs 

(!::oco2C2H6 

CH 2 CH=CH-CH=CHC 02 C 2 H 6 

60C02C2H5 


Glutaconic Esters 

Another conspicuous example of the vinylogy principle is found in a 
comparison of malonic ester with its next higher vinylog, glutaconic 
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ester. Glutaconic acid is made from citric acid by the following series 
of transformations: 


CH2CO2H CH2CO2H 

H0-(bc02H CO 


CH2CO2H 


CH2CO2H 


CH2CO2H 

6hoh 

CH2CO2H 


CHCO2H 

II 

CH 

CH2CO2H 


It can also be made from malonic ester and chloroform. 


2CH2(C02C2H5)2 + CHCI3 + 


NaOCzHB 


C-(C02C2H5)2 

II 

CH 

^H(C02C2Hs)2 


CHC 02 H 


CH 2 C 02 H 

The methylene group exhibits an activity similar to that in malonic 
esters. Glutaconic esters can be alkylated, for example. 


CH2CO2R 

CH 

6HCO2R 


NaOR CH3I 


CH3CHCO2R 

6h 

(5hco2R 

(a) 


CH3CCO2R 

II 

CH 

CH2CO2R 

(b) 


The monoraethyl compound (a) rearranges to an isomeric form (b) by 
a shift of a hydrogen atom, and the second methyl group goes on the 
new methylene group to give the a, a -dimethyl derivative. 

The ready rearrangement of glutaconic acid and its derivatives is due 
to the mobile three-carbon system. 

-ch2CH=ch- tr ; -ch=chch2- 

Of especial interest is the anhydride, which exists as an enoL 

/OH 

CH=C 

/ \ 

CH O 

\ / 

CH-CO 


Unsaturated Aldehydes 

An interesting example of 1,4 addition is observed when dnnamalde- 
hyde is treated with sodiiun bisulfite. Addition takes place reversibly 
in the 1,2 manner, and irrevermbly and much more slowly in the 1,4 
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maimer. The primary addition product (I) if allowed to stand in solu- 
tion gradually changes to the di-bisulfite addition product (II) with the 
liberation of an equivalent amount of free aldehyde. 


/OH 

CeHsCHOHCH , 

^OaNa 

I 

/OH NaHSOs 
CeHsCHCHaCH " — 

^OaNa ^O^Na 

II 


/O 

C6H5CH=CHC + NaHSOa 

I 

NaHSOs 


CeHsCHCHaCHO 

SOaNa 


Michael Condensation 


Active methylene compounds have been found to react in the 1,4 
manner with many aj/S-unsaturated ketones and esters. This is known 
as the Michael condensation. The condensation of malonic ester with 
mesityl oxide is an example. Here we might expect 1,2 (aldol) condensa- 
tion or 1,4 (Michael) condensation. 


CHa 

^C=CHC=0 
CHa^ 6 h3 


CHa 9H 

^C=CH-C-CH(C02C2H6)2 
CHa 

NaOCaHs 

CHa 

/C-CH2COCH3 

CHa^l 

CH(C02C2H6)2 




It is to be emphasized that, like the aldol condensation, the Michael 
condensation is reversible. In the above case the Michael is the one 
actually observed. Subsequent transformations of the product yield 
methone. 


CH^ 
CHa I 


-CH 2 C-CH 2 


CHC / 

I V t 

1 

COaCSs 


CHa CH 2 
CHa 

^-CH CH2 
C^aHa^CO 


CHa CH 2 
P VO 


CHa 


CHa /CHa 

^CO 

Methone 
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Another example of the use of the Michael reaction is the synthesis of 
tricarballylic acid from ethyl fumarate and malonic ester. 

CH2(C02C2H5)2 + C2H502CCH=CHC02C2H5 

CH(C02C2H5)2 CH 2 CO 2 H 

CHCO2C2H5 — y CHCO2H 

CH2C02C2H6 CH2C02H 

Tricarballylic acid 

The Michael condensation is widely applicable. Nitromethane, for 
example, reacts with methyl cinnamatc in the 1,4 manner. 

CoHsCH^CHC-O + CH3NO2 > CGH5CHCH2CO2CH3 

6 cH 3 CH2NO2 


The condensation of two molecules of ethyl malonate with one of 
formaldehyde (p. 327) appears to involve 1,2 or aldol addition followed 
by 1,4 or Michael addition. 


/CO2C2H5 
H2C=0 + CH2 

^C02C2H5 



/CO 2 C 2115 

H 2 C-CH 

\c 02 C 2 H 5 


, /CO 2 C 2 H 5 

♦ CH2=C 

X102C2H5 


CHsCCOjCsHjIs /CH(C 02C2H5)2 

— y CH2 

X1H(C02C2H6)2 


Hydrolysis of the complex ester and decarboxylation of the correspond- 
ing acid yield glutaric acid. 

/CH(C02C2H5)2 /CH(C02H)2 /CH 2 CO 2 H 

CH 2 — y CH 2 — y CH 2 

X1H(C02C2H6)2 X^H(C02H)2 X^H2C02H 


The same sequence of condensation reactions is encountered in the 
reaction of benzaldehyde with acetophenone. At temperatures below 
30°, benzalacetophenone — the result of 1,2 addition — is the principal 
product. At higher temperatures 1,4 addition of acetophenone to 
benzalacetophenone occurs. 


C6H6C0CH2\ 

C6H5CH=CHC0C6H5 + CeHsCOCHs y CHCeHs 

C6H6C0CH2^ 


From this example it is seen that saturated ketones are sufficiently 
reactive to enter into Michael condensations. 

The synthesis of dl glutamic acid from ethyl bromomalonate, phthal- 
imide, and ethyl acrylate illustrates the use of the Michael condensa- 
tion in conjunction with Gabriel’s amine ^thesis (p. 388). 
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NK + BrCH(C02C2H5)2 






NCH(C 02 C 2 H 6)2 + KBr 


I NCn(C 02 C 2 H 5)2 + CH 2 =CHC 02 C 2 H 5 

/X/“ 


v\ 


CO 


NC(C02C2H5)2 

^CH2CH2C02C2H5 


C 02 H 

CHNH 2 

CH 2 

6h2 

io2H 


Acetalization. Acetalization of a,j3-unsaturated aldehydes is com- 
plicated by addition to the conjugated system. The product is the 
^-alkoxy acetal formed by addition of a molecule of alcohol to the alde- 
hyde and subsequent transformation into the acetal. Crotonaldehyde 
with ethyl alcohol gives i3-ethoxy-^^-buty^aldehyde acetal. 


OC 2 H 5 

CH 3 CH=CHCH 0 + 3 C 2 H 5 OH — V Cn 36 HCH 2 CH(OC 2 H 5)2 + H 2 O 


A way around the difficulty is illustrated in the synthesis of glyceraJde- 
hyde given on p. 302. 

Ketenes. Ketenes are unsaturated ketones in which an olefinic double 
bond is twinned with the carbonyl double bond. They may be looked 
upon as intramolecular anhydrides. Actually their reactions are gen- 
erally those of acid anhydrides. It is believed that a ketene reacts as 
a tjrpical carbonyl compound; in most instances the initial addition 
compound is imstable and rearranges. The reactions with water 
ammonia, and alcohols arc illustrative. 


R 2 C=C =0 + H 2 O 


-t-NH3 


R 2 OC 


R2C=C 


/OH‘ 

X)H. 

/OH 

'"NH 2 


R 2 CHCO 2 H 
► R 2 CHCONH 2 


-l-ROH 


R2C=C 


/OH 


^OR 


R 2 CHCO 2 R 
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Citronellal. Citronellal is an unsaturated aldehyde occurring in 
dtronellol and oil of eucalyptus. It has a pleasant odor and finds use 
in perfumes. The following structures have been ascribed to it: 

CH3CCHCH2CH2CHCH2CHO or CH3CCH2CH2CH2CHCH2CHO 
6 h 3 CH3 CH2 CHs 

Citronellal 


Citral. Of much greater importance is the closely related aldehyde 
citral. It occurs in a large number of essential oils and is the most 
important of the group of aliphatic terpenes. As it occurs in nature it 
is a mixture of at least two and probably four forms. 


CHsn 

CH3/ 


C^CHCHsCHoCCHs or 
HCCHO 


CH2^ 


CH3/ 


CCH2CH2CH2CCH3 


HCCHO 


Citral a (Gcranial) 


CHss 

CH3^ 


C=CHCH2CH2CCH3 

OHCC^H 


or 


CH2^ 

CCH2CH2CH2CCH3 

ohc6h 


Citral b (Neral) 


The structure of citral was proved by cleavage with alkali to acetalde- 
hyde and a methylheptenone which in turn gave acetone and levulinic 
acid when oxidized. 


(CH 3 ) 2 C=CHCH 2 CH 2 C=CHCH 0 

CH3 

(CH3)2C=CHCH2CH2C0CH3 + CH3CH0 
H20 ^ 

'(CH3)2C0 + HOzbcHaCHaCOCHa 
Acetone Levulinic acid 


It diould be noted in passing that both citronellal and citral obey the 
isoprene rule (p. 368). This is a characteristic of terpene hydrocarbons 
and their derivatives. 

The alkaline cleavage of dtral illustrates a general rea ction of a,)8-un- 
saturated carbonyl compounds. Another example from the terpene 
series is the scission of pulegone to acetone and a cyclohexanone deriva- 
tive by prolonged treatment with alkali or add. Presumably the process 
involves hydration followed by a reverse aldol condensation. 
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CHa 

CHa 

CHa 

6h 

6h 

6h 

/ \ 

/ \ 

/ \ 

CH 2 CH 2 

H,o 9 H 2 CH 2 

CH 2 CH 2 

1 1 

► 1 i 

) 1 1 

CH 2 CO 

CH 2 CO 

CH 2 CO 

\ / 

\ / 

\ / 

c 

CH 

CH 2 

11 

c 

COH 

CO 

/ \ 

/ \ 

/ \ 

CHa CHa 
Pulegone 

CHa CHa 

CHa CHa 


1,3,6-Trisubstituted Benzenes. The processes leading to the forma- 
tion of inesitylene and 1,3,5-triphenylbenzene from acetone and aceto- 
phenone, respectively, can be formulated as follows. It will be noted that 
the last step in each case is a condensation involving an active methyl 
group joined to a carbonyl group by a system of two vinylene linkages. 


CHs CHa 
CH3C=0-I-CH3C=0 


CHaf^CHa 

y * 

CHa 

Mesitylene 

CHa 

CaHsCO+CHaCOOeHs 


CaHs 


/\ 


CaHfi 


:!aH6 

1.3,5-Triphenylbenzene 


CHa CHa 

I I 

-♦ CHaC=CHC=0 


( 

^ r 


(CH,),CO 


XH 

CHaC '^CCHa 

I II 

HCIH 2 ! XH 

Co/c^ 

CHa 


CHa 

-» CaHaC-CHCOCaHs 


i 


CeHrfXXJH. 

CeHaC ^CCaHs 


Hca^ 


/CH 

IP/C 

CaHe 
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CHAPTER XXV 


COMPOUNDS WHICH CONTAIN TWO OR MORE 
CARBONYL GROUPS 


Dialdehydes 


Glyoxal, the simplest dialdehyde, is made in 40 per cent yield by 
the oxidation of acetaldehyde by selenium dioxide. When glyoxal is 
needed as an intermediate it may be made by hydrolysis of dichlorodi- 
oxane. 


O 

/ \ 

CH2 ciia 

1 1 
CH 2 CHCl 

\ / 

0 


+ 2H20 


CH 2 OH CHO 
CIIaOH CHO 


+ 2HC] 


Monomeric glyoxal is a green gas under ordinary conditions, and is the 
simplest colored organic molecule. Like other glyoxals it is transfonned 
by alkalies into the salt of the corresponding hydroxy acid. 

CHOCHO + NaOH > CH2C02Na 

OH 


It reacts with o-phenylenediamine to give quinoxaline. 


CHO HzNf^ 

ino H2Nt^ 


N 

CH Y\ 

kXJ 

N 

Quinoxaline 


+ 


2H2O 


This reaction is characteristic of compounds which contain “twinned” 
carbonyl groups, -COCO-. 


Eetoaldehydes 

Glyoxals have the general formula RCOCHO and are o-ketoaldehydea 
They resemble glyoxal itself but are generally more stable. However, 
all show a great tendency to polymerize. 
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^Eetoaldehydes 

/3-Ketoaldehydes arc interesting because they exist only in the enolic 
modification. They can be made by the Claisen condensation between 
ketones and ethyl formate. 

RCOCH3 + HCO2C2H5 RCOCH2CHO + C2H5OH 

Evidently the aldehydic form changes to the enol form. 

RCOCH 2 CHO f RCOCH=CIIOH 

For this reason the substances are called “hydroxyrnethylene^’ com- 
pounds. These compounds are among the few which violate Erlen- 

I 

meyer^s rule that the grouping C=C-OH is incapable of existence. 

I I 

Diketones 

a-Diketones such as biacetyl are distinguished from other types of 
diketones by their ability to form quinoxalines and by the fact that they 
are cleaved by hydrogen peroxide. 

RCOCOR + H2O2 ► 2 RCO 2 H 

In the aromatic series benzils are made by oxidation of benzoins 
formed by condensation of aldehydes. 

2ArCHO ► ArCOCHAr ¥ ArCOCOAr 

OH 

Benzils rearrange to salts of benzilic acids when heated with alkalies. 
ArCOCOAr + NaOH ► ''cC02Na 

/3-Diketones such as acetylacetone have an active methylene group 
and show properties typical of active methylene compounds. /S-Dike- 
tones react with phenylhydraane to give phenylhydrazones which, 
however, are unstable and form <grclic compounds by loss of water. 
These heterocyclic derivatives are known as pyrazoles. Acetylacetone 
yields l-phenyl-3,5-dimethylpyrazole. 
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CH3COCH2COCH3 + C6H5NHNH2 


CHs 


CH3CCH2COCH3 

NNHC0H5 


CH3-0, ;oHj 

CeHs 


CHaC 


/ 


CH=CCH3 


N— NCeHs 


jS-Diketones also are peculiar in that they form chelated metal salts. 
The copper salt of acetylacetone, for example, has the following struc- 
ture: 

CH3-C=0 O-OCH3 

/ \ / % 

CH Cu CH 

\ / \ / 

CH 3 -C -0 0=C-CH3 

7 -Diketones show a great tendency to yield furans. If acetonylace- 
tone is treated with a dehydrating agent a,a'-dimethylfuran is formed. 
Presumably the enol form is an intermediate. 


CH3 

CH2-6=0 

CH2-C=0 

CH3 


CHs ■ 
CH=(!m)H 

I 

CH=C-OH 

(^H3 J 


-H 2 O 


CHs 
CH=Cs 

4 I p 

CH=C/ 

I 


CHa 

a,a'-Dimethylfiiran 

5-Diketones undergo cyclization so readily that they cannot be iso- 
lated; cyclohexenones are obtained instead. 


■ COCH3 ” 

/ 

CH 2 

1 

CH2 C0CH3 

\ / 

CH 2 


-H 20 


CO 

/ \ 

CH2 CH 


♦ I 


CH2 


C-CHa 


e-Diketones cyclize readily but can be obtained as such, 
closure gives a cyclopentene derivative. 


The ring 


CH2 

CH2 ^COCHs 


i: 


H2 — CH2COCH8 


CH 2 

-H.0 C^z^CHs 

“^iH2-Ax)CH. 
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Aromatic 5- and ediketones are made by the Friedel-Crafts reaction 
and are stable. 


/COCl 

ArH 

ArCO\ 

(CHsls 

> 

(CH2)3 

'"COCl 

AICI3 

ArCO/ 

/COCl 

ArH 

ArCO\ 

(CH2)4 

'"COCl 

AICI 3 ’ 

(CH2)<1 

ArCO/ 


Polycarbonyl Compounds 


Triketones and tetraketones are also known. Diphenyl triketone, for 
example, is a yellow solid resulting from the hydrolysis of dibromodi- 
benzoylmethane. 

C6H5COCBr2COC6ll5 > CgII5COCO|0^6^5 

Diphenyl 


The corresponding tetraketone can be made by o:^a/^tion of the formoin 
obtained from phenylglyoxal. 

OH 

KCN I 

2C6H5COCHO — ^ CeHsCOCOCHCOCfills 

A C 0 H 5 COCOCOCOCGH 5 

l^phenyl tetraketone 

Both the tri- and tetraketones tej^d to I5^e carboj^monoxide to form the 
next lower member of the scries. 

CeHsCOCodjbgOCeHs -^^^t^oHsCOJ^OCOCoHs 


-CO 


CeHsCOCOCcHs 


This reaction is reminiscent of thaj/bf ethyl oxalyl derivatives of esters; 
y^^B-e^alyzed by cupjac salt;g. 


"Problems 

1. WhXt is the ^ion of ho^ aqueous alkali on 

(а) CiiHsCHO?^ (6) /(HsCOCHO? (c) C.HsCOCH,? 

2. Suggest ways of di^inguishing between 

(o) CeHsCOCOCijHs and CeH^COGHjCOCeHi 

(б) CHjCOCOOHs and CHjCHaCOCHO. 

(c) CHsCOCKCHjCOCH, and CHsCHsCOCHjCOCHj 
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3. Indicate a method of S 3 mthesis for 

(o) CH CH (6) CHsC«H4CO(CH2)2COC6H4CH8 

CeHsC CCelle 

\ / 

0 

SUGGESTED READING 

Stein, “Oxidations with Selenium Dioxide,” Angew. Chem., 64, 77-85 (1941). 



CHAPTER XXVI 


RING FORMATION 
Historical 

A compound which contains two functional groups capable of reacting 
with each other may react with itself either to give a ring compound or a 
polymer. Which of these will happen appears to depend chiefly on the 
size of the ring to be formed. It was early observed that six-membered 
rings formed easily, whereas rings of other sizes were unknown in nature 
and had not been synthesized. Indeed, until about the year 1880 it was 
generally supposed that rings smaller or larger than tins could not exist. 
Moreover, there were theoretical grounds for this opinion, for it was 
evident that the three- and four-membcred rings, at least, could not be 
made from carbon atoms having the rigid tetrahedral form which had 
been used so successfully in solving structural problems. If the four 
bonds of a carbon atom arc directed towards the vertices of a regular 
tetrahedron, each forms an angle of 109 degrees 28 minutes with the 
others. As a matter of fact, it is impossible by use of such atoms to con- 
struct any ring of fewer than five members. The following table shows 
the angles which are required for the formation of the smaller rings 
together with the deviation in each of the valence bonds from the normal 
position in the regular tetrahedron. 


TABLE XXXI 

Valence Angles and Deviations 


Hydrocarbon 

Formula 

Angle 

Deviation 

Ethylene (cycloethane) 

CH2=CH2 

0*^ 

64° 44' 

Cyclopropane 

CH 2 -CH 2 

'^CH2 

60° 

24° 44' 

Cyclobutane 

CH 2 -CH 2 

90° 

9° 44' 

Cyclopentane 

CH2-CH2\ 

1 CH 2 

CH 2 -CH 2 / 

108° 

0°44' 
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Between 1880 and 1885, however, came a rapid succession of events 
which revolutionized chemists^ ideas of ring compounds and laid the 
foundations of modern alicyclic chemistry. The first of these was the 
discovery that /S-chloropropionic acid when heated with dry sodium 
ethoxide was converted to a compound containing a ring of four car- 
bon atoms — 1,3-cyclobutanedicarboxylic acid. 

CH2CH2CO2H CH2-CHCO2H 

Cl Cl f n02CCII^CH2 

HO2CCII2-CH2 

/3-Cliloropropionic 1 ,3-Cyclobutanedicarboxy lie 

acid acid 

Almost immediately after this, Freund succeeded in making cyclopro- 
pane — a hydrocarbon containing a three-membered ring — by the action 
of sodium on trimethylene bromide. A little later Perkin found that 
ethyl malonate condenses with trimethylene bromide in the presence of 
sodium ethoxide to give ethyl 1,1-cyclobutanedicarboxylate. 

/CH2Br /CO2C2H5 2NaOC2H6 /CH2\ /CO2C2H5 

CH2 + CH2 ^ CH2 C 

N:il 2 Br \CO2C2H5 X^H 2 / \CO2C2H5 

Ethyl 1,1-cyclo- 
butanedicarboxylatc 

These results established the existence of three- and four-membered 
carbon rings and demanded drastic revision of the current opinions 
regarding the stereochemical character of the carbon atom. 

The Baeyer Strain Theory 

An ingenious and very plausible solution to the problem was advanced 
by Baeyer, who assumed that the normal angle between the valence 
bonds of carbon was 109 degrees 28 minutes, but that it was possible for 
this angle to be altered. Any deviation from this angle was, however, 
supposed to bring about a condition of strain which was, according to 
the theory, attended by a corresponding decrease in stability. The 
greater the strain involved the less would l)e the stability of the result- 
ing compoimd. 

Striking confirmation of this theory was obtained almost at once by 
Perkin, who succeeded in preparing a compound containing the cyclo- 
pentane ring. By condensation of two molecules of malonic ester with 
one of trimethylene bromide, he obtained a tetracarbethoxypentane 
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whose sodium derivative, when treated with iodine, gave ethyl 1, 1,2,2- 
cyclopentanetetracarboxylate. 

/CHzBr CH2(C02C2H6)2 NaOC^H* /CH2-CH(C02C2H6)2 

CH2 + ^ CHa 

X::H2Br CH2(C02C2H5)2 ^CH2-CH(C02C2H5)2 


CH2-C(C02C2H5)2 

/ I, /Cn2-C(C02C2H5)3 

— > ch2 -4 ch2 I 

\ '-CH2-C(C02C2H5)2 

CIl2-C(C02C2H5)2 


Hydrolysis of the ester gave an acid which when heated lost carbon 
dioxide and yielded 1,2-cyclopentanedicarboxylic acid. 




/ 


CH 2 -C 


CO 2 H 


CH 2 


\ 


CH 2 -C 


NDO2H 

/CO 2 H 

I 

N:02H 


-2C02 


/CH 2 -CHC 02 H 
CH 2 I 
^CH2-CHC02H 


It should be pointed out that according to Baeyer^s theory the cyclo- 
propane ring, since it possessed greater strain, should be less stable than 
the cyclobutane ring, and that the latter in turn should be less stable 
than the cyclopentane ring. The 1,2-cyclopentanedicarboxylic acid was 
indeed found to be extremely stable, completely fulfilling the predictions 
of the theory. 

It may be said at once that for hydrocarbons having rings smaller 
than that of cyclohexane the theory of Baeyer is in fairly satisfactory 
agreement with the facts which are known at the present time, although 
the physical character of the strain is not yet fully understood. 


Strainless Rings 

An integral part of Baeyer^s strain theory was that the carbon atoms 
of the ring must lie in a plane, and on this basis he predicted that the 
formation of large rings would involve negative strain. From an inspec- 
tion of the following figures it is evident that in cyclohexane and com- 
pounds containing larger rings the planar configuration requires that 
the angle formed by the valence bonds be somewhat greater than normal 
and that the amount of this stretching increases proportionately to the 
,^size of the ring. 
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GHz— CH 2 
/ > 

,CH 2 — CH 2 

CHa \ 

^Ha— cm 
CHa ^CHa 

CH 2 120° CCH 2 

1 128°34' CCHa 

1 135° J 

\ / 
CH 2 — CHa 

C^a / 

^CHa— CHa 

CHa j^CHa 

\h 2 — CHa 

Cyclohexane 

Cycloheptane 

Cyclooctane 


This postulate was supposed to account for the fact that rings of more 
than six members had not been made or discovered in nature and were 
presumably very unstable. Moreover, it implied that very large rings 
would be incapable of existence. 

This part of Baeycr’s theory has proved to be misleading if not entirely 
erroneous, Sachse was the first to perceive that the so-called negative 
strain need not exist and that the large rings might be, in fact, strainless. 
This idea was disregarded by chemists for nearly thirty years but was 
eventually revived and elaborated by Mohr, and within recent years 
has been almost fully confirmed by experiment. The idea of Sachse may 
be illustrated by reference to models. When, by the use of tetrahedral 
atoms, models are constructed for rings containing more than five mem- 
bers it is found that the atoms forming the ring do not lie in a plane. 
For example, six tetrahedral atoms may be united as shown in a or c. 



(a) (h) (c) 


These models differ from the planar one shown in h in that they can be 
constructed without distortion of the tetrahedral form of the atoms 
involved. For the atoms to be in a plane as in 6, it is necessary, as noted 
earlier, to introduce negative strain, i.e., increase the angle between 
the annular bonds to values greater than the normal. 

Since stable rings are now known which contain more than thirty 
members there is no necessity for assuming a planar form for any ring 
of more than five members. Rings of the nonplanar type are known as 
strainless rings. 

The strainless models for cyclohexane shown in a and c are called, 
respectively, the ‘‘chair’’ (or Z) and “boat” (or C) forms. As yet there is 
no evidence that such forms exist in simple rings but many bicyclic com- 
pounds are known whose structures must be of these types. Thus both 
the cis and trans 1,2-dicarboxylic acids of cyclohexane form anhydrides. 
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Hexahydrohomophthalic acid is especially interesting; at 220° the 
anhydrides of the da and trans modifications exist in equilibrium and 
the latter form predominates. 


CH2 CH2 CH2 CH2 

/ \ / \ / \ /- \ 

CH2 C H CO 220 “ CH2 C— H CO 


CH2 C H 0 

\ / \ / 

CH2 CO 

(cis) 

25 per cent 


CH2 C H O 

\ / \ / 

CH2 CO 

(irans) 

75 per cent 


Hexahydrohomophthalic 

anhydrides 


The correctness of this explanation of the formation of monomeric 
anhydrides of the trans forms of dibasic acids of this type was confirmed 
by the discovery that the trans form of the endocyclic derivative of 
hexahydrophthalic acid, in which the rings are no longer free to move, 
cannot form an anhydride. 


H 



Compounds containing very large carbon rings have been found to 
possess stabilities comparable with those of the corresponding open- 
chain compounds. It should be mentioned, however, that even in these 
substances there is evidence that some strain persists. 


The Synthesis of Alicyclic Compounds 

Ring Closure. Nearly any reaction involving the formation of a new 
carbon-to-carbon linkage can be used to form alicyclic rings from linear 
molecules. Some important examples already considered are the Dieck- 
mann adaptation of the Claisen condensation, the Perkin method, the 
method of Ziegler, and the thermal decomposition of suitable dibasic 
acids or their salts. 



THE DIENE OR DIELS-ALDER CONDENSATION 


353 


The closure of large rings has been effected by use of the so-called 
dilution principle, which requires that the reactions be carried out in 
very dilute solutions. Obviously, the chances of interinolecular reac- 
tion are decreased by lowered concentration whereas those of intramolec- 
ular reaction are independent of concentration. 

Large rings have been made also by taking advantage of the volatility 
of the products. Polyesters form reversibly, for example, and some of 
the cyclic forms are always present in equilibrium with the linear poly- 
mers. Slow distillation causes the equilibrium to shift as the ring com- 
pound distils. Thus the polyester from ethylene glycol and succinic acid 
yields a sixteen-membered cyclic ester when distilled in vacuo at 300°. 

- ~(C0CH2Cn2C02CH2CH20C0CH2CH2C02CH2CH20)x~ - 

IT 

CO-CH2-CH2-CO-0 

I I 

O CHz 

CH 2 CH 2 

CH 2 6 

(‘)-C0-CH2— CH 2 -CO 


The Diene or Diels-Alder Condensation. Perhaps the most useful 
method for fonning carbocyclic rings is the diene or Diels-Alder con- 
densation. It may be illustrated by the condensation of maleic anhy- 
dride with 1,3-butadicne. 


CH 2 


CH 2 


/■ 

/ \ 

CH 

CH-CO CH 1 

1 

+ 11 X> — 4 II 

CH 

CH-CO CH ( 


\ / 


CH-CO 

X> 
CH-CO 


CH 2 


CH 2 


This synthesis provides a very general method for building six-mem- 
bered rings. In place of maleic anhydride may be used many a,|8-un- 
saturated carbonyl compounds such as acrolein and benzoquinone. 
The reaction is so general for 1,3-butadienes that it is used as a test for 
the system of linkages -C=C-C=C-. 


CH 2 

/ CHO 

CH I 

i +CH 

11 

\ CHa 

CH 2 


CH 2 

/ \ 

CH CHCHO 

II I 

CH CH 2 
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CH 

/ \ 

CH CH2 CH-CO 

I I + II >0 

CH CH2 CH-CO 

\ / 

CH 


CH 


CH3C 


/• 


CH2 


CH 


+ 


CH2 


O 

6 

/ \ 

CH CH 

II II * 

CH CH 

II 

O 




CH CH2 CH-CO 
II I I >0 
CH CH2 CH-CO 

\l / 

CH 

0 

CH 2 6 

/ \/ \ 

CH3C CH CH 

II I II 

CH CH CH 

\ /\ / 

CH2 C 

6 


It will be noted that in these examples a 1 , 3 -diene condenses with an 
olefinic compound in which the double bond is conjugated with a car- 
bonyl group. To these may be added derivatives of cyanoacetic and 
acetoacetic esters of the following types. 

/CN /COCH3 

RCH=C RCH=C 

^C02C2H5 ^C02C2H5 


However, the synthesis is possible for many unsaturated compounds 
which do not belong to this category. Among these arc styrene, vinyl 
chloride, vinyl acetate, and allyl chloride. 

The condensation of vinyl acetate with cyclopentadiene affords an 
entry into the norcamphor series. 


CH 

I 

CH 


CH 


CH2 


0 


''CHa + (!iH0C-CH3 


CH 


Hs 


CH 

CH2I CH2 
I CH2I ^0 
CH2I CHOC-CH3 

\l/ 

CH 


CH 


/ 

CH 


CH 


'^CH2 

CH2I 




H20 


\l/ 

CH 


CHOC-CH3 


CH 


CH2 


CH2 

\ 


\ 

CH2 
CH2I 


(O). 




CHOH 


CH2 

I ( 

CH2 

\ 


CH 


CH2 
CH2I 
CO 

/ 

CH 
Norcamphor 
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The Closure of Non-Benzenoid Heterocyclic Rings 


The various types of reaction possible in the case of bifunctional 
molecules are illustrated by the hydroxy acids, wliich, as has been 
stated, react differently depending on the distance between the functional 
groups, 

CH2(CH2)n-“CO 


CH 2 (CH 2 )„C 
OH OH 



O 


CH2=CH(CH2)n-iQ 


\ 


\ 


CH 2 (CH 2 )„ 

0 CO 

1 I 

CO 0 

'^(CH2)nCH2''^ 


OH 


HOCH2(CH2)n- 


■//O 

C-0CH2{CH2)n 


J' 


\ 


( 1 ) 


( 2 ) 


(3) 


o 


(4) 


OH 


From a consideration of the molecular structure of hydroxy acids, 
reaction 1 or 3 is to be expected when a five- or six-membered ring would 
be formed. Otherwise reaction 4 is the normal one. Reaction 2 takes 
place only in the case of jS-hydroxy acids. Lactone formation as in 
reaction 1 occurs when n = 2 or 3. The formation of a double bond 
(reaction 2 ) takes place when n = 1 . When n = 0 the double 
lactone (lactide) forms. In all other cases (n > 3) reaction 4 pre- 
dominates. 

In addition to lactones there are many other non-aromatic hetero- 
cyclic types which arc familiar. Among these are acid anhydrides, 
lactams, cyclic acetals, cyclic ketals, and imides. 

An interesting example is dimethylmaleic anhydride. Dimethylmaleic 
acid is so unstable that it has never been isolated. The anhydride is 
formed spontaneously. 

CH3C-CO2H -H20 CH3C-C0 
CH 3 C-CO 2 H CH 3 C-CO 


This anhydride also can be used in the Diels-Alder condensation. 
The synthesis of dimethylmaleic anhydride is carried out in the foUow 
ing way: 
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CH3COCH2CO2C2H5 )■ CH3COCHCO2C2H6 

CHs 1 
OH i 

rCH3-C==C-CH3] i — CHsC CHCO 2 C 2 H 6 

L CO2H CO2H J CN CHa 

i 

CH3C-CO 

II >0 

CH3C-C0 

Dimethylmaleic anhydride 


PROBLEMS 


1. Show by examples how the following types of reaction can be used to close 
alicyclic rings: 

a. Diene synthesis' c. Dieckmann reaction 

b, Malonic ester method d. Ziegler method 


2. What structural characteristics must a molecule possess in order to undergo 
cyclization? 

3, Outline methods for making the following substances from open-chain 
compounds: 


a, /CHaCHas 

CH2 CHCO2H 

X;H2CH2/ 

b. CH2 

/ \ 

CHj CHCOgCH, 

I I 

CHa CHCOaCHj 

\ / 

CH2 


c. CHr-CHCOsH 
I >CH2 
CH2-CHCO2H 


CHr-CHCOaCHa 

/ \ 

CHa CO 

\ / 

CHa-CHa 


e. CHa-CO 
CHa-CHa 


/. /CHas 

(CHa) 14 CO 

X)Ha'' 
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POLYMERIZATION AND POLYMERS 
Definitions 

The terminology in this rapidly developing field is gradually becom- 
ing standardized along the lines indicated in the discussion of pol 3 rvinyl 
chloride (p. 24), polyesters (p. 138), and other polymers. It is impor- 
tant to have a precise understanding of the meaning of the terms to be 
employed and for this reason a recapitulation of definitions is given here. 

A polymer is a molecule of very high molecular weight, made up of a 
particular recurring structural unit or type of unit. Reactions which 
lead to the formation of polymers from small molecules are called 
polymerization. These terms are illustrated by the following examples: 

a: CII=CH 2 f (CH-CH 2 ). 

OCOCHs OCOCHa 

Vinyl acetate Polyvinyl acetate 

{x + 1)H02C(CH2)8C02H 

Sebacic acid 

► H02C(CH2)8[C0~0--C0(CH2)8]xC 02H + a:H20 

Polysebacic anhydride 

Carothers defined polymerization as a reaction which is functionally 
capable of proceeding indefinitely. It will be noted that in both of the 
examples the polymer possesses the same functional capacity for reac- 
tion as the monomer. If the reaction proceeds by simple addition as 
in the case of polyvinyl acetate the process is called addition poly- 
merizaiion. The formation of polysebacic anhydride illustrates a second 
type of polymerization known as condensation polymerization. In this 
type some small molecule such as water or alcohol is formed along 
with the polymer. 

Natural Polymers 

There are many natural polymers or giant molecules. Nature turns 
to these for the building of strong or rigid structures. Among the most 
important natural pol 3 nners are caoutchouc or unvulcanized rubberj 
proteins, and cellulose. 
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Caoutchouc is composed of the isoprene unit repeated over and over. 
The polymer has a molecular weight of about 64,000-88,000, i.e., it con- 
tains 900-1300 isoprene units. 

— CH2CH=CCH2- rCH2CH-CCH2'] -CH2CH=CCH2~ 

CHa L CHa J, CHa 

Caoutchouc 


It is of great interest to note that the terpenes and related groups of 
naturally occurring substances may be thought of as constructed of 
isoprene units. This may be seen from the following skeletal structures 
of camphor, carane, and vitamin A. 


c— c— c 
— [—■ 1 
c-c-c 


c— c- 

I 

Camphor 


^ c c 

I 

'^c 

Carane 


I c 1 c 

C >C-CTC-C=C-C=fc-C=C-C 


c/c/6-c! 


Vitamin A 


The occurrence of isoprene units is so general that investigators of the 
structures of natural products generally consider the most probable 
formula of an unknown compound to be that which contains the maxi- 
mum number of isoprene units. This is called the ^^isoprene rule^’; it 
has been very useful in the determination of the structure of natural 
products. Its use can be illustrated by the case of the sesquiterpene 
bisabolene. It has the formula C 15 H 24 and has one ring and three ole- 
finic linkages. Ozonization converts it into succinic acid, acetone, and 
levulinic acid. These data do not permit a decision to be made between 
formulas a and b. The isoprene rule, however, eliminates formula b as 
a probability. 
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O X 


(a) 




c 


I 


1/C 

c' '^c[ 

C. Cj 

>c 


V/ \^ ■ v-f 

-+- 1 1 


(i) 


Proteins arc natural polymers but differ from others in that they con« 
tain a variety of different structural units. However, all these are of the 
same type — a-amino acids — and the polymers may be represented as 
follows: 

R r R 1 

ii~Niiciico LnhchcoJ.~oh 


Their molecular weights vary from 34,000 for egg albumen to about 
50 million for the filterable virus from tobacco mosaic. 

Cellulose can be hydrolyzed to glucose, and is believed to consist of 
anhydroglucopyranose units (p. 200). The polymer is thought to be a 
polyacetal of the following type: 


OH OH 

CH-CH 

/ \ 

~CH CH-0- 

\ / 

CH-0 

CH 2 OH 


OH OH 1 OH OH 
CH-CH CH-CH 


/ \ 

-CH CHO- 

\ / 

CH-0 

CH 2 OH 


/ \ 

-CH CHO— 

\ / 

CH-0 

, 6H2OH 


Synthetic Pol 3 rmers 

Although none of the natural polymers has been synthesized as yet, 
chemists have been able to imitate them and in most instances to improve 
upon them by synthesis. Indeed, the thousands of known synthetic 
polymers offer a vast array of types affording almost any desired com- 
bination of properties. For economic reasons most of these are unable 
to compete with natural polymers, but a large munber are now in daily 
use; in 1940, 500,000,000 lb. of synthetic polymers was sold. Some of 
these polymers will now be described briefly. 
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Addition Polymerization 


A great variety of substances containing one or more ethylenic oi 
acetylenic linkages undergo polymerization. The conditions required 
to bring about the reaction vary, however, with the number and posi- 
tion of such linkages, as well as with the nature and position of other 
functional groups in the molecule. 

Ethylene. When ethylene is heated with a small amount of oxygen to 
temperatures of 100-400° and under pressures exceeding 1000 atmos- 
pheres, a transparent, solid polymer is formed. It is primarily a straight- 
chain hydrocarbon of the following type: 

-CH2CH2-(CH2CH2).-CIl2CH2- 

This material is produced in England in commercial quantities, under 
the name Polythene. It is used as an insulator in high-frequency and 
co-axial cables. 

Isobutylene. The process mentioned earlier (p. 31) for converting 
isobutylene to liquid hydrocarbons of the gasoline range involves 
dimerization rather than true polymerization. Under the influence of 
certain catalysts, such as boron fluoride, isobutylene is converted to 
polymers of high molecular weight. The lower polymers are viscous 
liquids which find use as viscosity stabilizers for lubricating oils. Higher 
polymers are tough elastic solids, useful as rubber substitutes. The 
substances are probably long chain hydrocarbons with the following 
type of structure: 

CH 3 / CHa \ CH 3 

-CHaC [ -CH2(‘^ I -CH26 

CH3 \ CH3 /* CH3 


Styrene. Styrene, or phenylethylene, is present in coal tar but is now 
produced synthetically from benzene and ethylene. Ethylbenzene is 
made from these by the Friedel-Crafts method and is then dehydro- 


genated. 
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+ ch 2 =ch 2 
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\/ 


1 CH 2 CH 3 /V!H=CH; 


+ H2 
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Styrene 


It is generally true that a “negative” or unsaturated group, such as 
phenyl or carbonyl, attached to an olefinic carbon atom, increases the 
tendency to polymerize. Styrene, C6H6CHMDH2, polymerizes very 
readily. The reaction may be catalyzed by organic peroxides or by 
light, or it may be carried out thermally. In order to store styrene it is 
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necessary to add a small amount of a reducing agent, such as hydro- 
quinone. 

Polystyrene is a highly transparent, colorless solid. It is an excellent 
insulating material and is used in coating compositions as well as in 
moldings. 

If the styrene used contains small amounts of divinylbenzcne the 
hardness of the polymer is increased. This is probably due to the fact 
that divinylbenzcne can enter two polymeric chains, thus introducing 
cross links (p. 126). This possibility is shown in the following repre- 
sentation. 


A 

\/^ 

CH=CH2 


CH=CH2 

I 

u 


V 

CH=CH2 CH=CH2 

A 

V 

CII=CH2 CH=CH2 

A 


/\ 


/\ 


-CHCH 2 -CHCH 2 -CHCH 2 - 


A 

A 

-CHCH 2 -CHCH 2 -CHCH 2 - 

/\ /\ 




Coumarone and indene, isolated from coal tar, may be regarded as 
derivatives of styrene. 

/\ CH ^ CH 


\/\ / 

O 

Coumarone 


CH 


\/\ / 
CH 2 
Indene 


CH 


Like styrene, they can be polymerized. The coumarone-indene poly- 
mers have found extensive uses in the manufacture of floor coverings, 
oil cloths, and adhesives. 

The Acrylates. The most important polymers of the acrylate type are 
poljnnethyl methacrylate (p. 146) and polymethyl acrylate (p. 146). 

The polymer of methyl a-bromoacrylate is of particular interest 
because it appears to have the ‘^head-to-head, tail-to-tail” type of struc- 
ture indicated below. 

Br Br 

— CH26 6 CH2 — 

(bOaCHa 6O2CH3 J. 

*'Head-to-head, tail-to-tair* 
structure 
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Solutions of the polymer in dioxane liberate iodine when treated with 
potassium iodide, a reaction characteristic of 1,2-dihaIogen compounds 

(p. 266). 

The simple acryloid polymers are believed to have the “head-to- 
tail” type of structure, which appears to be the common arrangement 
for olehn polymers. 


-CH 2 -CH /CH 2 CH 

602CH3\ 


A CH 2 CH- 
CO 2 CH 3 A 6 O 2 CH 3 


“Head-i()-tair^ structure 


Vinyl Chloride and Vinyl Acetate. The preparation and polymeriza- 
tion of these compounds has been mentioned earlier (p. 24). Polyvinyl 
chloride plasticized with tricresyl phosphate is now sold under the name 
“Koroseal.^’ It is used for waterproofing fabrics and in the manufacture 
of transparent belts, suspenders, watch bands, shoes, etc. An inter- 
esting use of polyvinyl acetate is in the manufacture of “VinaP' resins. 
The acetate is first hydrolyzed to polyvinyl alcohol. The latter is 
treated with an aldehyde to form a polyacetal. Because of the 1,3-rela- 
tionship of the hydroxyl groups in polyvinyl alcohol the acetalization 
is accompanied by ring formation. 


CHsCH— CIl2Cn 

0COCH3 0COCH3 



-rCH2CHCH2CH- 

I < 

L on OH 

Polyvinyl alcohol 


■CH2CHCH2CH' 

I 1 

0 0 

\ / 

CH 

C 3 H 7 


The bonding sheet in most of the modem safety glass is a Vinal resin. 

The Diene Polymers. Since the discovery of the relationship between 
rubber and isoprene much effort has been devoted to the synthesis of 
dienes in attempts to produce an economical substitute for rubber. 
One of the first to be prepared commercially was dimethylbutadiene, 
which can be obtained by the dehydration of pinacol. 

OH OH 

CHa-C — C-CH 3 — ¥ CH 2 =C — OCH 2 ¥ r-CH 2 C=CCH 2 -] 

CH36H3 6H36H3 L 6H36H3 J. 

Pinacol Dimethylbutadiene Methyl rubber 


The pol 3 mier obtained from dimethylbutadiene is known as methyl 
rubber; it was produced in quantity in Germany during the World Wai 
6f 1914^1918. 
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Among the most important of the synthetic rubbers in current use 
are Neoprene and the Buna rubbers. 

Neoprene. Neoprene is a polymer of chloropreno, which, as indicated 
earlier (p. 27) is prepared from acetylene and hydrogen chloride. 

2HC-CH ¥ HC=C~CII=CH2 

2 ^ cn2=c-CH=CH2 — y — (CH2-c=ch-ch2)x— 

I I 

Cl Cl 

Chloroprene Neoprene 

The molecule is very similar to that of caoutchouc, a chlorine atom 
having replaced the methyl group. The properties of Neoprene resemble 
those of rubber. However, unlike rubber, Neoprene does not have to be 
vulcanized, and it does not imbibe liquids. About 1,000,000 lb. of 
Neoprene was sold in 1937. Neoprene is unsuitable for automobile tires 
because of its greater weight. 

Buna Rubber. 1,3-Butadicne pol 3 nncrizes in contact with sodium at 
35-40° to give Buna rubber. In the name, ^‘bu^^ refers to butadiene and 
^‘na^^ to sodium {natrium). The polymerization can be effected by 
other means, and the word Buna is now applied to butadiene rubbers 
more or less generally (p. 27). 

In recent years the quality of butadiene rubbers has been greatly 
improved through the development of copolymers. Buna S is a copoly- 
mer of the diene and styrene. In resistance to heat and abrasion it is \ 
superior to natural rubber; it is, accordingly, used in the manufacture 
of tires. Perbunan (Buna N) and Perbunan Extra are copolymers of 
the diene and acrylonitrile. They differ in the acrylonitrile content, 
the Perbunan Extra containing about thirty per cent of this constituent. 
Their important characteristics are resistance to abrasion and to swell- 
ing by petroleum oils. 

One of the most significant developments in the production of syn- 
thetic rubbers has been the introduction of emulsion polymerization. 
The material to be polymerized is emulsified in water, usually with the 
aid of a soap or other detergent and in the presence of a protective col- 
loid. The emulsion is homogenized, and polymerization is effected by 
addition of a peroxide, the salt of a peracid, or other substance which 
readily liberates oxygen. A colloidal suspension of the polymer is 
obtained, and it is processed in much the same way as the natural rubber 
latex. Neoprene, Buna S, and the Perbunans are all produced by the 
emulsion technic. 

Although synthetic rubbers have been in use in Europe for many 
years, particularly in Germany, they have not yet been used in the 
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large-scale production of American automobile tires, Hovvever, the 
production of butadiene from butane (p. 27) may enable the Buna 
rubbers to compete with the natural variety in the western hemi- 
sphere. 

Butyl Rubber. Because natural rubber is unsaturated, it was long 
thought that synthetic rubbers of a similar structure would most closely 
resemble the natural material. This accounts largely for the develop- 
ment of the synthetic diene rubbers. However, some of the undesirable 
properties of natural rubber, such as its deterioration through oxidation 
by the air, are to be ascribed to the presence of reactive olefinic bonds. 
It is now known that certain saturated polymers, e.g., polyisobutylene 
and Thiokol (p. 366), have many of the properties of rubber. Indeed 
it appears that the only desirable characteristic of natural rubber which 
is definitely related to unsaturation is the reaction with sulfur. A small 
percentage of the unsaturation is lost during sulfur vulcanization; it is 
believed that the process involves cross linking of the hydrocarbon chains 
by reaction with the sulfur. From these considerations it has been 
deduced that the copolymerization of a small amount of a diene, such 
as butadiene, with an olefin, such as isobutylene, should give a rubber 
with just enough unsaturation to permit vulcanization. The new butyl 
rubber is a copolymer of this type. The vulcanized material is almost 
completely saturated and has unusually high resistance to attack by 
oxygen and chemical agents. 

The Mechanism of Addition Pol 3 mierization 

Addition polymerization probably involves a chain reaction set off by 
an activated molecule of monomer. The absence of dimers, trimers, 
and other products of Ic n molecular weight, even at the beginning of the 
reaction, seems to preclude the theory of stepwise polymerization. 

The catalysts used to bring about this type of polymerization are 
usually peroxides such as benzoyl peroxide and hydrogen peroxide. 
Antioxidants such as hydroquinone are employed to preserve the mon- 
omers, since unsaturated compoimds on exposure to the air form traces 
of organic peroxides. 

The chain reaction theory of addition polymerization accounts for 
the fact that it is possible to control the size of the polymeric molecule 
by regulation of the amount of catalyst and temperature. According 
to this theory the reaction is initiated by combination of a molecule of 
monomer with a fragment of the catalyst; the resulting active particle 
combines with another molecule of monomer to yield a second active 
fragment. The process continues until the chain reaction stops, as, for 
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example, by combination of two active chains or collision of the active 
chain with a catalyst fragment. 

According to these views, as the amount of catalyst is increased the 
number of growing chains started will also increase. The monomeric 
molecules must therefore divide themselves among a larger number of 
polymeric chains, and the molecular weight of the polymer will decrease. 
Actually, it is found that polymers of highest molecular weight are 
obtained with minimal amounts of catalyst. Similarly, in polymeriza- 
tion by heat, in which the active fragments are generated thermally from 
the monomers, the largest polymeric molecules are obtained at the low- 
est temperatures. 

It is interesting that two different monomers can be caused to poly- 
merize together to form copolymers. In some instances a substance 
which itself will not undergo polymerization can be induced to copoly- 
rnerize. Thus maleic anhydride does not polymerize alone but if styrene 
is polymerized in the presence of maleic anhydride the polymer contains 
units of both the anhydride and styrene. This type of polymer is called 
a heteropolymer. 

Condensation Polymerization 

Any reaction which leads to the combination of two molecules or 
parts of two molecules may be adapted to the preparation of polyiners. 
It is only necessary that each reacting molecule be capable of reaction 
at two or more points. Condensation polymers may be produced from 
a great variety of poly functional compounds; examples which have been 
mentioned are the aldehyde resins (p. 313), the urea-formaldehyde resins 
(p. 126), the polyesters (p. 138), the polyamides (p. 140), the phenol- 
formaldehyde resins (p. 163), and the polyanhydrides (p. 136). 

Various general types of molecules capable of undergoing condensa- 
tion polymerization may be distinguished. For example, in bifunctional 
molecules the two functional groups may be alike. The formation of 
polyanhydrides from dibasic acids is illustrative; similarly, polyethers 
may be obtained from glycols. It is also possible to polsmaerize certain 
bifunctional molecules in which the two groups are different. The poly- 
esters derived from hydroxy acids (p. 138) illustrate this type. The 
most important commercial condensation polymers are obtained from 
mixtures of two compounds, each of which has two or more functional 
groups of the same type. The polyamides and the dUcyds (GlyptaJs) 
are of this type. 

Condensation polymerizations ordinarily proceed by the same mecha- 
nism as do the corresponding reactions between monofunctional com- 
pounds. Since no chain reactions are involved, the reaction would be 
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theoretically complete only when all the monomeric units present had 
been incorporated into one giant polymeric molecule. Actually, the 
molecular weights of condensation polymers are usually much lower 
than those of addition polymers. Various factors are responsible. 
Among the most important is the increasing viscosity and consequent 
difficulty in removing the second product (usually water) as the poly- 
merization proceeds. 

In general, if all the molecules participating in a condensation poly- 
merization are bifunctional, the product will be a linear polymer. The 
commercial polyamides (p. 140) and Thiokol are examples. If one or 
both of the reacting molecules has more than two functional groups a 
cross linked polymer is formed. The glycerol-phthalic anhydride resins, 
the Bakelites, and the urea-formaldehyde resins are in this category. 
The first and second of these each have one component (glycerol and 
phenol, respectively) capable of reacting at three points. Urea has four 
hydrogen atoms capable of reacting with formaldehyde and thus may be 
regarded as tetrafunctional. Formaldehyde is peculiar in that although 
only one functional group reacts (the carbonyl group), it can react with 
two molecules of phenol or urea. 

Most of the addition polymers are of the type known as ^Hhermch 
plastic that is, they soften on heating. Some of the condensation 
polymers, e.g., Nylon (p. 140), are of the same type. The molding of 
the polymethacrylate and polystyrene resins and the extrusion of Nylon 
into fine threads take advantage of this phenomenon. Other condensa- 
tion polymers are described as ‘‘thermosetting’^ or “heat convertible.’’ 
Polymers which can form cross links are in this group. On heating they 
undergo further cross linking, with the result that the molecule becomes 
more complex. The resulting products are insoluble and infusible. 

A few of the more important condensation polymers are discussed 
below. These are selected partly to illustrate the principles mentioned 
above and partly because of their commercial value. 

Thiokol. The Thiokol resins are produced from sodium tetrasulfide, 
chlorine, and the waste olefin gases from cracking stills. They are made 
chiefly from ethylene chloride according to the following equation; 

2nClCH2CH2Cl + 2nNa2S4 ► -rCH2CH2S-SCH2CH2S-^ V 

L ^ ^ IkL 

The nature of the groups at the ends of the polymeric chain is determined 
by the ratio of the two reactants. Thus, if ethylene chloride is used in 
excess, the terminal groups should be -CH 2 CH 2 CI; if the tetrasulfide is 
present in excess, the end groups should be -S-S-Na. The properties 

^ S 
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of the polymeric material obtained in the one case arc strikingly differ- 
ent from those of the polymer produced in the other. A viscous liquid 
is obtained by the use of an excess of ethylene chloride, and a tough 
rubber-like material by the use of an excess of sodium tetrasulfide. The 
difference has been explained on the assumption that the terminal 
-S-S~Na groups degenerate to -SH or -SNa groups and that these 

I I 

S S 

are oxidized to -S-S- groups by the excess sodium tetrasulfide. Thus, 
two reactions arc involved in the chain-lengthening process. Thiokol 
rubber is vulcanized by the action of zinc oxide. It is probable that the 
reaction is again one of oxidation, bringing about still further increase 
in the length of the chains. 

The major uses of Thiokol are in the fabrication of flexible tubes and 
linings for tanks used in the oil industry. Its resistance to the solvent 
action of hydrocarbons makes it superior to natural rubber for such 
purposes. 

Nylon. The preparation of Nylon from adipic acid and hexamethylene- 
diamine has been discussed. Similar polyamides have been prepared 
from other combinations of dibasic acids and diamines, but not, up to 
the present, in commercial quantities. These materials are linear 
pol3niiers. 

Phenol-Formaldehyde Resins. When a mixture of phenol and 
paraformaldehyde is heated with a catalyst a cross linked, insoluble 
polymer is produced directly (p. 163). If aqueous formaldehyde is used, 
a less complex resin can be obtained. This product is thermosetting, 
indicating that it contains methylol (-CH2OH) groups which react 
further on heating to give the cross linked polymer. Bakelite molding 
compositions are made by powdering the resin, usually with a filler such 
as wood flour. When heated under pressure in the mold the material 
hardens and takes the shape of the mold. 

Bakelite resins are modified in various ways. Other aldehydes, such 
as furfural, may be used. The amount of cross linking may be reduced 
by adding an ortho- or paro-substituted phenol, such as a- or p-cresol. 

The Ciba resins resemble Bakelite. They are prepared from aromatic 
amines and aldehydes. Because the aldehyde can react with the amino 
hydrogen atoms as well as those of the ring, the possibilities of cross 
linking are greater and the poljuners are more complex. 

Melamine-Formaldehyde Resins. Melamine may be regarded as the 
trimer of cyanamide. Cyanamide (p. 127) is quite unstable and 
changes rapidly to dicyandiamide when liberated from its salts. When 
dicyandiamide is heated under suitable conditions it changes to mela- 
mine. 
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Melamine 


Melamine reacts with formaldehyde to give methylol derivatives 
which are transformed to themiosetting resins on heating. The reac- 
tions involved are probably of the same type as those already discussed 
(p. 126) in connection with the urea-formaldehyde resins. However, 
since melamine has three amino groups as compared with the two in 
urea, the structure of the polymer is more complex. 

Polyesters. The most important polyesters are the alkyd resins made 
from phthalic anhydride and glycerol (p. 366). The primary hydroxyl 
groups of glycerol are more reactive in ordinary esterifications than is 
the secondaiy group. It would be expected, therefore, that these would 
react first with phthalic anhydride. This appears to be true, for soluble 
polymers can be obtained by regulating the amount of phthalic anhy- 
dride or by controlling the temperature of the reaction. These products 
appear to be linear polymers of the following type: 


-CO COOCH2CHCH2OCO COOCH2CHCHOCO COOCH2CHCH2O- 


The modified alkyds are produced by carrying the polymerization to 
the stage indicated and esterifying the secondary alcohol group with a 
monobasic acid (p. 84). If phthalic anhydride is used in excess of the 
amount indicated in the formula above and if the reaction is interrupted 
just before gelation occurs, the ‘‘heat-convertible” resins are produced. 
These apparently contain -COC6H4CO2H groups in place of some of 
the secondary hydroxyl groups. On heating these react with hydroxyl 
groups in adjacent chains to introduce cross links. 


PROBLEMS 

1. Define pol3rmer, copolymer, heteropolymer, thermoplastic polymer, the^ 
mosetting polymer, vinyl polymer, alkyd resin, chain reaction. 

2. Distinguish between condensation pol3mierization and addition polymeri* 
zation. 

" 3. What is the isoprene rule, and how is it used? 
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NITRO COMPOUNDS 

The Structure of the Nitro Group 

Three formulas have been advanced for the nitro group. 

/O ^0 

R-N I R-N R-N 

X) X) 

(fl) (6) (c) 

Formula a has been abandoned because it does not explain the great 
stability of nitro compounds and in particular gives no suggestion as to 
the similarity between the groupings RCH2CO- and RCH2NO2. For- 
mula b gives the nitrogen atom a covalence of five. Since no compound 
is known in which nitrogen exhibits this valence, this structure is less 
satisfactory than that represented by formula c. It is also clear that 
formula c is unsatisfactory in that it is unsymmetrical. p-Dinitroben- 
zene has a small dipole moment showing that the nitro group must be 
symmetrical The symmetry is due to resonance. 

/O /O 

R-N ^ R-N 
X) X) 

S]mthesis of Nitro Compounds 

Aromatic nitro compounds are made by direct nitration with nitric 
acid, usually in the presence of suKuric acid. This process is governed 
by the usual rules of orientation and as a consequence does not always 
permit the introduction of the nitro group into the desired position. 
In such cases other methods must be used. For example, nitration of 
nitrobenzene gives almost exclusively ?n-dinitrobenzene. To obtain 
O’ or p-dinitrobenzene an indirect method is required. These compounds 
may be obtained from the corresponding nitroanilines by diazotization 
and treatment with excess nitrous acid in the presence of cuprous oxide. 
A better method is to treat the diazonium borofluoride with sodium 
citrite in the presence of copper powder. 

370 



SYNTHESIS OF NITRO COMPOUNDS 


371 


NO2C6H4NH2 + HNO2 + HBF4 ¥ NO2C0H4N2BF4 + 2H2O 

Cu 

NO2C6H4N2BF4 + NaN02 — ¥ C6H4(N02)2 + N2 + NaBF4 


A similar method is used for making )3-nitronaphthaIene. 

772/-Nitrotoluene is formed in small amounts in the manufacture of the 
ortho and para isomers by nitration of toluene. In the purification of 
the latter the meta isomer is separated, and thus is available in consid- 
erable amounts. 

Aliphatic nitro compounds were first made by the action of silver 
nitrite on alkyl halides. This reaction produces a mixture of the cor- 
responding alkyl nitrites and nitroparaffins. 


RX + AgONO 


\ 


RONO + AgX 

RNO2 + AgX 


If R = CH3, nitromethane is the sole product, but for larger radicals the 
nitrite predominates. The two types are differentiated by the fact that 
the nitrite is easily hydrolyzed to an alcohol and the nitro compound is 
readily reduced to an amine. 

RONO + H2O — ¥ ROII + HNO2 
RNO2 + 6H — ¥ RNH2 + 2H2O 


The course of the reaction between an alkyl halide and silver nitrite 
is understood somewhat better by reference to the following mechanism. 


R:X: izr R++ :X: 

• • •• 

: 0 : 

AgN 02 ±z; Ag+ + :N ::0 

• • •• 

: 0 : : 0 : 

R+ + :N ::0 — ¥ R:N::() 

• • •• 

R++ : 0 :N ::0 — ► R: 6 :N ::0 

• ••• •• •••• •• 

ParaflBns and cycloparaflBns yield nitro derivatives when subjected to 
prolonged treatment with dilute nitric acid. At low temperatures the 
reaction is too slow to be useful and at high temperatures oxidation 
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occurs. A vapor phase nitration of paraffins has been developed that 
affords satisfactory yields of several of the simplest nitroparafifins. It 
involves momentary contact of the hydrocarbon with nitric acid at 
temperatures near 400°. Pyrolysis and nitration both occur. Ethane 
is converted to nitroethane and nitromethane in yields of 73 and 27%, 
respectively. Propane gives rise to a mixture of nitromethane, nitro- 
ethane, 1-nitropropane, and 2-nitropropane (p. 12). 

CH 3 NO 2 Nitromethane (9%) 

CH 3 CH 2 NO 2 Nitroethane (26%) 

CH 3 CH 2 CH 2 NO 2 1-Nitropropane (32%) 

CH 3 CHCH 3 2-Nitropropane (33%) 

i!ro2 

The mechanism of the nitration of parafiins at elevated temperatures 
is not well understood. Since nitric acid is completely dissociated at 
250°, the reaction evidently involves oxides of nitrogen. The products 
obtained are those theoretically derivable from the free radicals which 
would be produced by chain cleavage or by loss of hydrogen. For ex- 
ample, isobutane yields the four nitro compounds which would be pre- 
dicted on the basis of this mechanism. 

'CH 3 NO 2 (3%) 

CH3\ 

CHNO 2 ( 20 %) 

CH3/ 

CH 3 CHCH 3 > . CH 3 CHCH 2 NO 2 (65%) 

CH 3 CH 3 

CH3\ 

CH 3 -CNO 2 (7%) 

[CHs/ 

Niiromethane can be made by treating sodium chloroacetate with 
sodimn nitrite. Nitroacetic acid is unstable and breaks down to carbon 
dioxide and nitromethane. 

aCH2C02Na + NaN02 — ► 02NCH2C02Na + NaCl 

|h20 

CHaNOa + NaHCOa 
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The trichloro derivative, known as chloropicrin, can be made in a 
variety of ways. One method involves the treatment of picric acid with 
calcium hypochlorite. 


OH 

02 N /^02 

V 

N02 


— ► CC13N02 


Chloropicrin 


This substance is an important lethal gas and is used in warfare. It is 
fatal to man when breathed in concentrations of 1/20,000. 

Tetranitromethane is made from acetic anhydride and fuming nitric 
acid. In petroleum ether this compound gives intense colorations with 
all compounds having the vinylene linkage, -C=C“. 

Phenylnitromethane is made from benzyl cyanide, ethyl nitrate, and 
sodium ethoxide. 


C6H6CH2CN + C2H5ONO2 + C2H60Na — ¥ C6H5C=N02Na 

CN 

— > C 6 H 6 ON 02 Na ^ C6H6CH2NO2 + CO2 
C02Na 


Nitration of phenol gives a mixture of o-nitrophenol and p-nitrophenol 
which can be separated by steam distillation. The ortho isomer is vola- 
tile and the para one is not. Similar differences in volatility have been 
noted in many cases and are believed to be due to chelation of the ortho 
isomers (p. 210). 



POLYNITRO AROMATIC COMPOUNDS 

Polynitro aromatic compounds are of especial interest because they 
are explosive. The most important military high explosives are to be 
found in this group of substances. Examples are trinitrotoluene (TNT) 
(p. 39), pimc acid, and tetryl. 
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CHas /NO2 

CHs 

OH 

N 


N 02|^'^02 

1 

N 02 jP ^02 

V 

V 


NO2 

N02 

N02 

TNT 

Picric acid 

Tetryl 


The chemistry of substances of this class is of great theoretical value also. 
The introduction of a number of nitro groups into an aromatic ring 
invariably brings about profound changes in the reactivity of the nucleus 
and of the substituents which it holds. As will be seen, these effects make 
possible many important synthetic methods. It will be convenient, 
therefore, to consider them at this point. 


Reactions of Derivatives of Polynitrobenzenes 


The most significant characteristic of the influence of a nitro group 
on the chemical properties of aromatic nitro compounds is that it is 
exerted chiefly on the atoms or groups which are in positions that are 
ortho or para with respect to the nitro group. By reference to the vinylogy 
principle (p. 335) it is easy to see why this is so. Atoms or groups that 
are in positions ortho or para to each other are joined by one and two 
vinylene groups, respectively. Accordingly, they will behave, qualita- 
tively at least, as though they were united directly. This means that 
the ortho and para nitrophenyl radicals are like acyl groups. 


A-C=ON02 

/ \ 

CH CH 

\ 

CH-CH 

Ortho substituted 
nitrobenzene 


A-C=CH-CH=C-N02 

^ch=ch'" 


Para substituted 
nitrobenzene 


No such relationship is possible in meta compounds. 

A-C===CH--C~N02 

(iH=CH-CH 

Meta substituted 
nitrobenzene 


This comparison of ortho and para compounds with the corresponding 
meta isomer explains not only the differences observed between ortho 
and para compounds on the one hand and meta compounds on the other 
but also affords a basis for predicting the nature of the activation effect. 

, If A is chlorine, for example, the compound will have the properties of 
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an acid chloride. That this is so is abundantly attested by the behavior 
of such compounds as o-nitrochlorobenzcne, 2,4-dinitrochlorobenzene, 
and 2,4,6-trinitrochlorobenzene. In each, treatment with alkali causes 
the chlorine atom to be removed by hydrolysis and yields the salt of the 
corresponding phenol. Moreover, as the number of nitro groups in- 
creases the ease with which this replacement occurs is enhanced. The 
trinitro compound, in fact, is readily hydrolyzed by water. Because of 
tliis property it is known as picryl chloride — the chloride of picric acid. 

The reactions of picryl chloride are very similar to those of acid 
chlorides. Ammonia converts it into the corresponding amino com- 
pound which, because of its resemblance to amides, is known as picram- 
ide. Methanol replaces the chlorine atom with the methoxyl group, 
yielding trinitroanisole. The methoxyl group is readily attacked by 
hydrolytic agents — a fact that strengthens the analogy between this 
compound and esters. 


Cl 

NH2 

0CH3 

N02[j^N02 

N02|P^N02 

N02jPY^02 

1 

V 

V 

V 

N02 

N02 

N02 

Picryl chloride 

Picramide 

Trinitroanisole 


The reactivity of the chlorine atom in picryl chloride and similar sul)- 
stanccs is apparent also in the ease with which they undergo the Ullmann 
coupling reaction (p. 251). 

TNT is a vinylog of nitromethane and, accordingly, should have an 
active methyl group. This agrees with the facts. When TNT is heated 
with benzaldehyde in the presence of an alkaline catalyst, trinitrostilbcne 
is formed. 

NO2 NO2 

+ CoHsCHO — ¥ + ^^^0 

^"^02 NO2 

Trinitrostilbene 


The reactivity of the methyl group in TNT is shown also by the fact 
that it is easily oxidized to trinitrobenzoic acid. 


CH3 

N02jP^02 

V 

N02 



C02H 

N02|j^N02 

V 

NO2 

Trinitrobenzoic 

acid 



376 


NITRO COMPOUNDS 


2,4,6-Trimtrobenzoic acid might be expected to behave as an a-keto 
acid. This analogy is borne out; this acid loses carbon dioxide at tem- 
peratures below 100® and yields 1,3,5-trinitrobenzene (TNB). 


CO2H 

NO2/VO2 NOarT^Oa 


V 

NO 2 


+ CO 2 


NO2 

TNB 


If the 1,3,5-triiiitrophenyl radical is thought of as an acyl group, 
then TNB should behave as an aldehyde. It does, in fact, yield picric 
acid when oxidized with ferricyanides. 

TNT. The most important high explosive is TNT. It is made by 
nitrating toluene. The nitration is carried out commercially in three 
stages. In the first stage mononitration occurs, yielding 0 - and p-nitro- 
toluenes. These are then converted to 2,4-dinitrotoluene. A small 
amount of the 2,6-isomer is also formed. Both the 2,4- and 2,6-isomers 
yield TNT in the last stage of the nitration. 





CH 3 

/\n02 


NO 2 


CH 3 

N02(f^N02 




\ 


/ 


CHs 

N 02(^^02 


N 02 


Crude TNT contains small amounts of certain isomers which are 
produced by the nitration of wi-nitrotoluene, a little of which is formed 
in the nitration of toluene (p. 371). Chief among these isomers is 
2,3,4-trinitrotoluene or jS-TNT (ordinary TNT is knovm as a-TNT). 


CHs 

A 


HNO 3 

¥ 


CHs 

/^02 

\^02 

NO 2 

/3-TNT 


and 


CHs 

NO 2 A 1 




JNO 2 


NO 2 

•y-TNT 



TNB 
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7 -TNT, the 2,4,5-isomer, is formed in small amounts. These impurities 
can be removed from a-TNT by washing with sodium sulfite solution, 
which rapidly converts them into water-soluble sulfonates. 



CHs 

/An02 

-1- NaN02 

NO2 



This method is of interest because it involves a replacement of a nitro 
group. It will be seen that the nitro group that is attacked in )8-TNT 
is flanked on either side by other nitro groups and that the reactive 
group of 7 -TNT is situated in a position which is ortho to one nitro 
group and para to the other. From what has been said, nitro groups so 
situated would be expected to be held loosely. 

TNX. Trinitro-m-xylene (TNX) is prepared in much the same way as 
TNT. m-Xylene is more easily nitrated than is toluene. It Is the only 
one of the xylenes that can be made to give a satisfactory yield of a 
trinitro derivative. 

CHa CHa 

HNO3. N02|jAN02 

l^CHa * 

NO 2 

TNX 

As a high explosive TNX is less powerful than TNT and is useful only 
when mixed with other materials such as ammonium nitrate. It is used 
also in commercial dynamites. 

TNB. Direct nitration of benzene is not a satisfactory method for 
TTialfing the trinitro derivative. It is not difficult to obtain »ra-dinitro- 
benzene by this method but further nitration is very hard to accomplish. 
The ease of nitration of an aromatic hydrocarbon increases with the 
increase in the number of methyl groups as follows: 

Benzene < Toluene < Xylenes < Mesitylene 
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It is interesting that the value of the trinitro derivatives of these hydro- 
carbons as high explosives decreases with the increase in the number of 
methyl groups. TNB is more powerful than TNT which, in turn, is 
more powerful than TNX. It is unfortunate that TNB cannot be made 
cheaply. As a matter of fact, the best way to get it is to nitrate toluene 
and then remove the methyl group. This can be done by oxidizing TNT 
with chromic acid and decarboxylating the resulting acid. 


CH 3 

N02(r^N02 



N 02 


C 02 H 

_no, NOai^NOa 


-CO2 

y 


NO 2 


NO 2 


Picric Acid. Picric acid is very widely used as a high explosive. One 
of the difficulties encountered in its use is that its melting point (122°) 
makes it hard to introduce into containers. For this reason, it is gen- 
erally mixed with other similar nitro compounds such as 2,4-dinitro- 
phenol and trinitro-w-cresol. The composition of the mixtures is such 
that they can be melted with steam. 

Ammonium picratc and guanidine picrate are less sensitive to shock 
than is picric acid and arc used with boosters. 

There are several methods for preparing picric acid. Direct nitration 
of phenol is attended with losses due to oxidation and is not a satisfactory 
method. In practice the phenol is first sulfonated and then nitrated. 
The sulfonic acid group makes the phenol less sensitive and is itself 
replaced by a nitro group at a certain point in the process. 


OH 

A 

V 


H2SO4 

— > 


OH 

V 


HNO3 

> 


OH 

N02|P^03H 

N 02 


HN03 


OH 

NOa/^Oa 


NO 2 


The sulfonation leads to mixtures of ortho and para derivatives and may 
yield di- and even trisulfonic acids. This does not cause loss, however, 
since all these substances yield picric acid when nitrated. 

It might be expected that picric acid could be made from chloro- 
benzene by nitration to produce picryl chloride which could then be 
hydrolyzed to the acid. Chlorobenzene is much more difficult to nitrate 
than is toluene and only the dinitro derivative can be made economically. 
Because of the influence of the nitro groups, however, the chlorine atom 
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in this compound can be replaced by a hydroxyl group by hydrolysis. 
The resulting dinitrophenol can then be nitrated to yield picric acid. 


Cl Cl OH OH 



NO 2 NO 2 NO 2 

It has been mentioned (p. 244) that picryl chloride is made by treating 
picric acid with phosphorus pentachloride. This is yet another reaction 
that is to be ascribed to the influence of the nitro groups. It is a re- 
action that is characteristic of carboxylic acids rather than phenols. 

In the presence of mercuric nitrate, benzene can be nitrated and oxi- 
dized at the same time to yield picric acid in one step. The mechanism 
of this process is not clear, but it seems certain that the later stages of 
the nitration occur after a mercury salt of a nitrophenol has formed. 

Picric acid unites with aromatic hydrocarbons and aryl ethers to 
give molecular addition compounds known as picrates. These are much 
used for purposes of identification. 

Tetryl. Tetryl is a tetranitro derivative of methylaniline. It is man- 
ufactured from dimcthylaniline by treatment with nitric acid in the 
presence of concentrated sulfuric acid. During the reaction, three nitro 
groups are introduced into the ring, and one of the methyl groups is 
replaced by a nitro group. The various processes take place in the fol- 
lowing order: 



CH3\ /H 
N 



NO 2 


CH3\ /H 
N 

N02r:^N02 


CHss, /NO2 

N 

NO2/SNO2 


N02 

Tetryl 


2,4-Dinitromethylaiiiline can be made by the condensation of 2,4- 
dinitrochlorobenzene with methylamine. 
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Cl 

I + CH 3 NH 2 

V 

NO2 

This offers another approach in the preparation of tetryl. 

Tetryl is a more powerful explosive than either picric acid or TNT. 
It is likewise more sensitive to shock and finds use in boosters and 
detonators. 

Reactions of Nitro Compounds 

Enolization. A primary or secondary nitro compound may exist in an 
isonitro or aci form which is in equilibrium with the ordinary form. 

RCH2N=0 tzz RCH=N-OH 

i i 

0 o 

The isonitro form is acidic, whereas the nitro form is neutral. This sug- 
gests the keto-enol tautomerism observed with acetoacetic ester and 
similar compounds. The aci forms of primary and secondary nitro com- 
pounds are very easily brominated. 

RCH=NOH + Br 2 ► RCHBrN02 + HBr 

6 

Condensation. Primary and secondary nitro compounds undergo 
condensations characteristic of active methylene compounds. For ex- 
ample, nitromethane reacts with benzaldehyde to give jS-nitrostyrene. 

C 0 H 5 CHO + CH 3 NO 2 > C 6 H 5 CH=CHN 02 + H 2 O 

When primary and secondary nitro compounds are treated with 
formaldehyde in the presence of alkalies the active hydrogen atoms are 
replaced by methylol groups, Nitroethane and 2-nitropropane, for 
example, yield 2-nitro-2-methyl-l, 3-propanediol and 2-nitro-2-methyl- 
1-propanol, respectively. 

CH 2 OH 

CH 3 CH 2 NO 2 + 2 CH 2 O > CH 3 CNO 2 

CH 2 OH 

2-Nitro-2-methyH,3- 

propanediol 

CH 2 OH 

CH 3 CHCH 8 + CH 2 O — ^ CHs^OHs 
NO2 i!jo2 

^Nitro-2-methyl-l>propanol 


CHsNH 

/Vjo2 

-♦I +HC 1 

V 

N02 
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Reactions analogous to the Michael condensation are known also. 
Benzalacetophenone condenses with the sodium derivative of nitro- 
methane in the following way: 

CeHsCHOHCOCeHs + CH2=NONa ► C6H6CHCH2COC6H6 

6 CH=N02Na 


¥ C6H5CHCH2COC6H6 

CH2NO2 

Bromination followed by treatment with potassium acetate gives a 
cyclopropane derivative. 

C6H5CHCH2COC6H5 y CeHfiCH-CHCOCeHs 

CHBr ^CHN02 

NO2 


The comparison between nitromethane and its vinylogs, 0- and jj-nitro- 
toluene, is interesting. For these, in contrast to the meta isomer, possess 
active methyl groups. Commercial iw-nitrotoluene is freed from traces 
of the ortho and para isomers by treatment with ethyl oxalate followed 
by steam distillation. The m-nitrotoluene is distilled, whereas the sub- 
stituted pyruvic esters are nonvolatile. 


CHs 

A 

I 

V 

N02 


+ 


CO2C2H6 NaOCiiH6 ^ 
CO2C2H5 


CH2COCO2C2H6 



+ C2H5OH 


CHs 

An 02 CO2C2H5 

+ I 

^ CO2C2H6 


NaOCaHs^ 


CH2COCO2C2H5 

An02 

I + C2H50H 

V 


Reaction with Nitrous Acid. Nitro compounds show conspicuous 
differences in their behavior toward nitrous acid depending on the numr 
ber of a-hydrogen atoms in the molecule. Primary nitro compounds 
have two active hydrogen atoms and react to give nitrolic acids. 

RCH2NO2 + HONO — > RCNO2 4 - H2O 

ilfOH 

Nitrolic acid 
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Secondary nitro compounds, which have only one active hydrogen atom, 
form pseudonitroles. 

R2CHNO2 + HONO — ► R2CNO2 d- H2O 

NO 

Pseudonitrole 

Tertiary nitro compounds, of course, do not react. Salts of nitrolic acids 
are deep red in color. The pseudonitroles are really nitroso compounds 
and are colorless in the solid form but are blue in solution or in the fused 
state. This difference in color is characteristic of nitroso compounds, 
the colorless solid form being a dimer of the simple molecule which is 
blue. These colors form the basis of the “red, white, and blue^^ test for 
nitro compounds. 

Hydrolysis. Primary nitro compounds are hydrolyzed by boiling with 
hydrochloric acid; the products are hydroxylamine and a carboxylic 
acid. Since nitroparaffins are now readily available this may become an 
important synthetic method not only for lower aliphatic acids but also 
for hydroxylamine. 

RCH2NO2 + H2O — ► RCO2H + H2NOH 


In a similar manner secondary nitro compounds are converted to 
ketones. 


2R2CHNO2 



2R2CO + N2O + H2O 


Tertiary nitro compounds in general do not undergo hydrolysis. 
There are some exceptions, however. Tetranitromethane, for example, 
is cleaved by concentrated potassium hydroxide to the potassium salts 
of nitroform and nitric acid. 

C(N02)4 + 2KOH — ► (N02)2C=N02K + KNO3 + H2O 


In this connection it is interesting to note that ortho and para dinitro 
derivatives of aromatic hydrocarbons also are easily hydrolyzed. In 
these cases the products are the salts of nitrous acid and the correspond- 
ing nitrophenol. 


/\N02 

1 + 2KOH 

V^02 



+ KN02 + H20 


If three nitro groups are present on the benzene ring, one of them can be 
removed in this way even when they are in meta positions with respect 



REDUCTION 


383 


to each other. For example, 1,3,5-trimtrobenzene reacts with sodium 
methoxide to give 3,5-diiiitroanisole. 


NO 2 


OCH3 







I 

+ CHsONa ► 

I 

N 02 

\/ 

)N02 NO 2 

v 


JNO 2 


+ NaN02 


Reduction. Nitro compounds of all types are readily reduced to the 
corresponding primary amines. The reaction has been studied exten- 
sively in the aromatic field, where it is most useful, and it has been found 
that a variety of products may be obtained by suitably altering the 
conditions. 

In acid solution the amine is formed but in neutral media the process 
can be arrested at an intermediate stage, giving the jS-arylhydroxyl- 
amine. Presumably the nitroso derivative is formed first. Further 
reduction gives the amine. 


C6H6NO2 



C 0 H 5 NH 2 




[C0H5NO] 


CcHsNHOH 



Alkaline reagents give bimolecular reduction products. 


alcoholic 
NaOC2H6 ’ 


C6H5NO2I 


SnCb 

NaOH 


Zn-fNaOH^ 
CaHsOH ^ 


CoH5N=NC6H6 

i 

o 

Azoxy benzene 

J^Fe 

CoH5N=NC6H5 

Azobenzene 

"j'air 

CeHsNHNHCeHs 

Hydrazobenzene 


\ 


— ► C6H6NH2 



jS-Phenylhydroxylamine is made by reducing nitrobenzene with zinc 
dust and water in the presence of ammonium or calcium chloride. 
Chromic acid oxidizes the hydroxylamine to nitrosobenzene. /3-Phenyl- 
hydroxylamine also reduces Fehling’s solution. This is the bads of a 
test for the nitro group. The compound is reduced with zinc dust and 
the reduction product tested with Fehling’s solution. 
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Nitrosobenzene is green in its solutions where it is monomeric but like 
all nitroso compounds tends to associate to a colorless dimer. It con- 
denses with aniline and /3-phenylhydroxylamine to give, respectively, 
azobenzene and azoxybenzene. This accounts for the formation of the 
bimolecular products by the reduction of nitrobenzene. 

The nitroso group has a higher activating power than the nitro group 
as seen in the great lability of the bromine atom in p-bromonitroso- 
benzene, and in the ease with which p-nitrosoanilines undergo hydrolytic 
cleavage. 

Hydrazobenzene and /3-phenylhydroxylamine rearrange in the pres- 
ence of acids to give benzidine and p-aminophenol, respectively. 

Benzidine 


These arrangements are typical of iV-substituted anilines. The former 
is known as the benzidine rearrangement. 

2 ?-Aminobenzoic acid, now recognized as a member of the vitamin B 
complex, is made by the reduction of 2 >-nitrobenzoic acid. 


CHa 


CHa 


COall 


CO 2 H 



HN03 [ 1 

(O) 

r 

(H) 

r 1 

VV J 

> 1 

kv J 


VN. > 


J 




NO 2 


NO 2 


NH 2 


It is interesting that the powerful local anesthetic procaine or novocaine 
is also derived from this acid. It is made by condensing p-nitrobenzoyl 
chloride with /3-diethylaminoethyl alcohol and reducing the resulting 
ester. In both of these syntheses the starting material is toluene. 


COCl 



H0CH2CH2N(C2H6)2 


N 02 


P-Diethylaminoethyl 

alcohol 


C02CH2CH2N(C2H6)2 


V/ 

N 02 


C02CH2CH2N(C2H5)2 


NH2 


Procaine 





CHAPTER XXIX 


THE PREPARATION AND PROPERTIES OF AMINES 
PREPARATION OF AMINES 

The Hofmann method of preparing amines by interaction of ammonia 
and alkyl halides frequently leads to mixtures of primary, secondary, 
and tertiary amine salts together with quaternary ammonium salts 
(p. 112). It is, nevertheless, a useful method. In many instances good 
yields of primary amine can be obtained by using a large excess of 
ammonia. In some syntheses it is possible to separate the various prod- 
ucts, as in the commercial preparation of ethyl-, diethyl-, and triethyl- 
amines (p. 113 ). If a tertiary amine is desired the alkyl halide can be 
used in slight excess, yielding a mixture of tertiary amine salt and 
quaternary ammonium salt; the latter can be decomposed to the tertiary 
amine and alkyl halide by heating in vacuo. 

Alkylating agents other than alkyl halides can be used. For example, 
formaldehyde can be converted to methylamine or trimethylamine by 
heating formalin or paraformaldehyde with ammonium chloride. 

2H2CO + NH4CI ► CH3NH2 HCI + HCO2H 

3(H2C0)3 + 2NH4CI ► 2(CH3)3N HC 1 + 3H20 + 3C02 

Even alcohols can be used instead of alkyl halides if the reaction is 
carried out under high pressure in the presence of a copper chromite 
catalyst. Methylamine is made in a similar way. 

CH3OH + NH3 > CH3NH2 + H2O 

Dimethyl- and trimethylamines are also formed, but by using an excess 
of ammonia methylamine can be obtained in about 80 per cent yield. 

As a laboratory procedure the reaction of halides is limited practically 
to primary alkyl halides, isopropyl bromide, and compounds, such as 
a-halo acids and 2 , 4 -dinitrochlorobenzene, in which the halogen is acti- 
vated. However, the commercial preparation of aniline from chloro- 
benzene (p. 114 ) is an adaptation of the Hofmann process. The com- 
mercial preparation of triphenylamine is another example involving the 
use of an aryl halide. 

(C6H5)2NH + CeHel - (C6H6)3N + HI 

neat and pressure 
386 
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When alkyl halides are used the rate of reaction is greatly influenced 
by the solvent employed. For example, isopropyl bromide and diethyl- 
amine react very slowly without a solvent but rapidly in ethylene glycol 
or glycerol. 


The Preparation of Pure Primary Amines 


Pure primary amines arc usually made by special methods. Some of 
these will now be presented. 

Hofmann’s H3rpobromite Method. Amides react with bromine or 
chlorine in alkalies, i.e., with hypohalites, to give amines with one less 
carbon atom. Anthranilic acid has been prepared commercially in this 
way. 


A- 

A* 



NaOBr 

h 


r^COaNa 

AcONHBr 


^COaH 

!Jnh. 


Phthalimide 


Anthranilic 

acid 


The reaction is characteristic of amides and is known as the Hofmann 
hypobromitc synthesis of amines. An isocyanate is formed as an inter- 
mediate. It should be noticed that the isocyanate is formed by a 
molecular rearrangement since the alkyl group has moved from a car- 
bon atom to a nitrogen atom. 

NaOBr -HBr H2O 

RCONH2 ► [RCONHBr] ^ RN=C=0 RNH2 + CO2 

Amide Isocyanate Amine 


Sometimes interaction of the isocyanate and free amine produces disub- 
stituted ureas. Also, if the amine comes in contact with excess hypo- 
halite, it is oxidized to the corresponding nitrile. 

The Curtius Method.* Acid azides also decompose to give primary 
amines. 


* The Hofmann and Curtius rearrangements are similar to the Lossen rearrange- 
ment. The latter is cliaracteristic of hydroxamic acids. These acids are formed 
when an ester, amide, or anhydride reacts with hydroxylamine. 

/'C 

RCO 2 R' + H 2 NOH — ► RC-NHOH + R'OH 

Hydroxamic acid 

Thermal decomposition of hydroxamic acids is accompanied by the Lossen rearrange- 
ment. A possible mechanism is as follows: 

R-C=0 V R-OOH — i rHOCOHI — ^ RNC30 RNH, + COj 

IsTHOH ilrOH L J 

This mechanism recalls that postulated for the Beckmann rearrangement. 
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RC-Cl+NaNs 


boiling ^ 
toluene 


RC-Na 


RC-NHNHa+HNOa- 


►RC-N. 


p ^^^[rC-N;^] »RNCO 

7 


bydrolys^ 

RNH2+Na2C03 


This resembles Hofmann’s method very closely. Both are good, but 
the Hofmann procedure is more often used because of the availability 
of the reagents. 

Gabriel’s Phthalimide Method. The use of this method in the syn- 
thesis of dl glutamic acid already has been mentioned (p. 338). It is 
generally useful with halogen compounds which are sufficiently reactive. 


/V"^\ 




NK + RBr 


I ] 


fT^COaH 

+ RNHa 

^COaH 


Del€pine’s Method. Del^pine found that hexamethylenetetramine 
will react with an alkyl halide to form a quaternary ammonium salt 
which can be hydrolyzed to a primary amine. 


N 


CH2 CHz CH2 

./ \ 

N N 


+ RX 


N 


CH2 CH2 CH2 

I 

N 

CH2 'cH2 | 

/ \ f 


N 


N+ X- 
\ 

R 


CH2 


CH2 


HCl 


CjHsOH 


¥ 6CH2(0C2H6)2 + SNHiQ + RNH 2 HCI 


This method is satisfactory only for amines that boil high enough to be 
separated easily from ammonia. 

The Use of Chloioaxnine. Primary amines of the type R 3 CNH 2 are 
very difficult to ^thesize. One of the best ways to make them is by 
operating upon chloroamine with the appropriate Grignard reagent. 

RaCMgX + CINH 2 ► R 3 CNH 2 + M^a 
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Reduction Methods. The reduction of nitro compounds is the stand- 
ard method for making aromatic amines. It has been discussed in con- 
nection with nitro compounds. The commercial method for reducing 
nitrobenzene to aniline involves the use of iron and water with a trace 
of acid. The process may be represented by the following equations: 

2 HC 1 -I- Fe > 2(H) -|- FeCk 

6 (H) + C6H5NO2 ► C6H5NH2 + 2H2O 

6FeCl2 -t- I6H2O + C6H,r.N02 ► C6H5NH2 -t- 6Fe(OH)3 + 12 HC 1 

The net result, expressed as follows, sliows that the acid acts merely as 
a catalyst: 

2 Fe + 4H2O + C6H.5NO2 ► C6H5NH2 -f 2 Fe(OH )3 

Aliphatic amines occasionally are made by this method. j8-Phenyl- 
ethylamine, for example, is formed by the reduction of /S-nitrostyrene. 
The latter, as was pointed out earlier (p. 380 ), is a condensation product 
of benzaldehyde and nitromethane. 

flilco n 01 1 P 

C6H5CHO -t- CH3NO2 ■ ,, „ ■ ) C6H6CHCHNO2 4 - H2O 


KOH 


CoH5 CH=CHN02 + 4H2 


4 C0H5CH2CH2NH2 + 2H2O 


Methylol derivatives of aliphatic nitro compounds (p. 380 ) are con- 
verted by hydrogenation into amino alcohols. 2 -Amino- 2 -methyl- 
1-propanol, for example, is made in this way. 


CH3 

CH3(bcH20H 

NO2 


CH3 

4 CH3CCH2OH 
NH2 

2-Aimno-2-methyl-l- 

propanol 


Aliphatic amino alcohols of this type are used as emulsif3dng agents. 

Oximes, nitriles, hydrazones, and amides can be reduced catalytically 
or with sodium and absolute alcohol to give primary amines. In the 
latter method no water must be present as hydrolysis will occur. Acid 
reduction is also complicated by hydrolysis. 


RCH=NOH 

RteN 


(H)^ 

(H). 


(H). 


RCH2NH2 

RCH2NH2 


RCH=NNHC6H6 RCH2NH2 + NHaCeHs 

RC^NHa RCH2NH2 
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Special Methods. The Buchcrcr process is excellent for preparing 
i 3 -naphthylamine. 




+ NH3 


(NTl4)2SO» 

^ 

pressure 

100 - 150 ° 


KAJ 


+ H2O 


This reaction is reversible; by heating a naphthylamine with aqueous 
sodium bisulfite a naphthol can be obtained. The process is of value in 
the preparation of many substituted naphthols and naphthylamines but 
is of very little use in the synthesis of phenols and anilines. Another 
method of converting naphthols to naphthylamines consists in heating 
the former with a zinc chloride-ammonia complex at 300 ®, 

Allylamine is prepared by hydrolysis of allyl isothiocyanate, the 
mustard oil present in black mustard. 


CH2=CHCH2NCS + H2O + HCl — ► CH2-CHCH2NH2HCI + COS 


This is a general method for making amines but is useful only in a very 
few cases in which the isothiocyanate can be made from the correspond- 
ing alkyl halide. Allyl and benzyl isothiocyanates are two examples. 
When benzyl or allyl thiocyanate is distilled it rearranges to the more 
stable isomer. 

CH2=CHCH2SCN ¥ CH2=CHCH2NCS 


Secondary Amines 


Hydrolysis of ^-Nitroso Disubstituted Anilines. For secondary 
amines of low molecular weight the hydrolysis of p-nitroso disubstituted 
anilines is a good method. 



Hydrolysis of Disubstituted Cyanamides. This method is used in 
preparing diethylamine and di-n-butylamine, which are employed in the 
synthesis of certain drugs. 

2 RX + Na2NCN ► R2NCN + 2 NaX 

R2NCN + 2H2O — ► R2NH + NH3 + CO2 

Heating a Primary Amine with Its Hydrochloride. This is the com- 
mercial method for preparing diphenylamine. 

200 - 230 ° 

C6H6NH2 + C 6 H 5 NH 2 -HC 1 ► (C6H5)2NH + NH4CI 
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Reduction of a Schiff Base. Secondaiy amines can be obtained by the 
reduction of Schiff bases with sodium and alcohol or by means of cata- 
lytic hydrogenation. 

RNH2 + R'CHO ► RN=CHR' RNCH2R' 

li 

Tertiary Amines 

Reduction of Carbonyl Compounds in the Presence of Ammonia or 
Amines. Ammonia, or primary or secondary amines, when treated with 
aldehydes or ketones in a reducing medium, give tertiary amines. 

RNH2 + 2 R'CHO + 2H2 ¥ RN(CH2R')2 + 2H2O 

Catalytic hydrogen, formic acid, or metal and acid can be used as the 
reducing agent. The method is good for nearly all low molecular weight 
amines but is not satisfactory for the preparation of tertiary aromatic 
from primary aromatic amines. 

Alkylation of Amines. Methyl sulfate reacts with primary amines to 
give the corresponding tertiary amines. 

RNH 2 + (CH3)2S04 ► RN(CH3)2 • H 2 SO 4 

Alcohols under high pressure in the presence of a copper chromium 
oxide catalyst also serve as alkylating agents. 

RNH2 + 2 R'OH ► RNR2 + 2H2O 

REACTIONS OF AMINES 

Salt Formation. Most amines tend to form salts with acids. This 
tendency can be increased or diminished by the presence in the molecule 
of other groups. In commenting on the basicity of amines, it is con- 
venient to include other nitrogen compounds such as nitriles, amides, 
oximes, imides, sulfonamides, and hydrazines, all of which can be con- 
sidered as derivatives of ammonia. 

When the hydrogen atoms of ammonia are replaced by aliphatic 
radicals such as methyl and ethyl, there is an increase in the basic prop- 
erties of the nitrogen atom. The apparent basic dissociation constants 
of methylamine and ammonia in water are 5 X and 2 X 10 ~^, 
respectively. A separation of ammonia and methylamine is based on 
this difference. When a mixture of the two is treated with an insuffi- 
cient amount of hydrogen chloride the amine is neutralized preferen- 
tially and the ammonia is left free. 

On the other hand, replacement of a hydrogen atom of ammonia with 
an aryl radical decreases the basicity of the nitrogen. AniUne is a very 
weak base. Its apparent baiac dissociation oonatant is 3 X KT^®. Its 
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hydrochloride can be dissolved in water and titrated with standard 
alkali, using phenolphthatein as an indicator. Certain groups in the 
ring diminish even further the basicity of aniline; nitro groups, halogens, 
and other negative substituents act in this way. If two of the hydro- 
gens of ammonia are replaced by aryl groups, the compound formed is 
essentially neutral. Diphenylamine forms salts with concentrated 
sulfuric acid or with dry hydrogen chloride in benzene solution. In 
water these salts are hydrolyzed to the free amine. Three phenyl (or 
aryl) groups attached to a nitrogen atom remove basic properties. 

When a methyl group is attached to the nitrogen atom in aniline, the 
basicity is increased. Methylaniline and dimethylaniline are stronger 
bases than aniline. Ring nitrogen compounds such as quinoline and 
pyridine are very much like aryl amines such as dimethylaniline. 

If one replaces a hydrogen atom of ammonia with an acyl group to 
form an amide, a neutral compound results. Thus one acyl group has 
about the same effect as two aryl groups. Urea resembles a monobasic 
amine; nitric acid converts it to urea nitrate (p. 125). 

H2NCONH2 + HNO3 ► H2NCONH3NO3 

Urea nitrate 


If two acyl groups arc introduced in place of two hydrogen atoms of 
ammonia, the resulting imide is acidic rather than basic. Imides form 
salts with aqueous alkalies. One sulfonyl group seems to be approxi- 
mately equal in effect to two acyl groups because the sulfonyl deriva- 
tives of primary amines are alkali-soluble. 

In pyrrole and carbazole the basicity of the nitrogen is very low and 
the tendency to act as an acid appears. These compounds resemble 
acid imides in their ability to form salts with potassium hydroxide. 


CH CH 


CH CH 

\n/ 

H 

Pyrrole 


/\ 


SAnA/ 

H 

Carbazole 


The basicity of aniline is greatly diminished by the introduction of 
nitro or other m-directing groups in the ortho or para positions. This is 
another manifestation of the influence of such groups. 


Cl OH NH2 



NO2 NO2 NO2 

Halogen active Strongly acid Neutral 
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Certain amides such as AT-ethylacetanilide exhibit pronounced basic 
properties. This may prove to be characterMic of tertiary amides. 

These rules seem to be quite general and are very useful in predicting 
the properties of new compounds. They help a great deal in qualitative 
organic analysis. 

Reactions with Nitrous Acid. Probably the most important reaction 
of amines is that with nitrous acid. In the aliphatic series, primary 
amines give alcohols when treated with nitrous acid. 

CIl3Cn2NH2 + HNO2 ¥ CH3CII2OH + PI2O + N2 


Higher amines always yield also isomeric alcohols formed by molecular 
rearrangement (p. 118 ); olefins also are found among the products. 
Methylamine docs not yield methanol. 

This reaction has been used to bring about ring enlargement. For 
example, cyclobutylmethylaminc yields some cyclopentanol and cyclo- 
pentene along with cyclobutylcarbinol and methylenecyclobutane. 


CH2-CHCH2NH2 

CH2-6H2 


HNO2 


'cn2-CHcn20H 

CH2-CH2 

Cyclobutyl- 

carbinol 


CH2-CH2S 
I CHOH 


CH2-CH2/ 

.Cyclopentanol 


CH2-C=CH2 

CH2-CH2 

Methylene- 

cyclobutane 

CH2-CHv 
I C] 

CH2-CH2/ 
Cyclopentene 


This type of rearrangement is frequently encountered and is known as 
the Dcmjanow rearrangement. 

Pyrolysis of Quaternary Ammonium Bases. The pyrolysis of quater- 
nary ammonium bases is of interest from a number of points of view. In 
the first place, it is a means of obtaining tertiary amines from the Hof- 
mann reaction. 

[(ch 3 ) 4 N]+oh- (ch 3)3N -f CH 3 OH 

With more than one carbon atom in the alkyl group, an olefin occurs as 
a product rather than an alcohol. 

[(C2H5)4N]+ or - ^ (C2Hfi)3N -f C2H4 + H2O 


Hofmann has applied this in a method for determining the structure of 
an organic compound, as well as for the removal of a nitrogen atom from 
the molecule, the opening of a nitrogen ring, and the preparation of 
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certain types of unsaturated compounds. This exhaustive methylation 
procedure is made clear by typical cases. 


CH2 CH2 CHo 

/ \ / \ / \ 

CH2 CH2 ™ CH2 CH2 AK2O CH2 CH2 

■♦I I I I 

CH2 CH2 


CH 2 iH2 

V 

I 

H 


CH2 CH2 

w 

N 

CHa^'CHs 

I- 




CHa^CHa 

OH- 


CH2 

/ \ 

CH CH2 

CH2 CH2 

N-CHa 

X)H3 


CH CH2 


CH2 


CH2 

I */CIh 

CHaN< 

OH- 


[CH2=CHCH2CH=CH2] 

i 

CH2=CH-CH=CHCH3 


CH2 

\J\ 

N 

H 


,:^CH2CH=CH2 


V 


.CHa 

^CHa 


N 


This degradation method is fairly general and useful. 

Separation of Mixtures of Amines. Ever since Hofmann found that 
he could get a mixture of amines by treating ammonia with an alkyl 
halide, the problem of the separation of amines has occupied the atten- 
tion of chemists. 

1, Fractional distillation is still the best method. 

2. Hin^)erg devised a procedure using benzenesulfonyl chloride. After 
the amines have been steam-distilled from the basic solution of the 
ammonium salts, the distillate is made alkaline and benzenesulfonyl 
chloride is added. The products obtained are as follows: 

H 

RNH2 + C6H5SO2CI ^ C6H6SO2-N-R + HCl 

R2NH -k CoHsSOaCl > C6H5SO2-NR2 -l-HCl 

RsN -I- C 6 H 6 SO 2 CI — f no reaction 
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The three substances are separable because the primary amine deriva- 
tive is alkali-soluble, the unchanged tertiary amine is acid-soluble, and 
the secondary amine derivative insoluble in both acid and base. This 
method is not very satisfactory in the laboratory, particularly since 
primary amines usually form some of the neutral dibenzenesulfonyl 
derivative. 

/SOaCeHs 

RN 

\SO2C6H5 

The Hinsberg method is of greater value in classifying unknown amines 
than in separating mixtures. 

3. Another method of separation employs ethyl oxalate. When it is 
heated with a mixture of amines the following reactions take place: 

2RNH2 + (C02C2H6)2 ► CONHR + 2C2H5OH 

60NHR 

R 2 NH + (C02C2H5)2 V CO 2 C 2 H 5 + C 2 H 6 OH 

CONR 2 

R3N + (C02C2H6)2 ) no reaction 

The primary derivative is a high-melting ciystalline solid, whereas 
the secondary is an oil. The three products can be separated by their 
solubility behavior. This method of separation is complicated by the 
fact that the higher primary amines tend to stop at the monoamide 
stage. 

4. Phthalic add has also been used to separate amines. On heating, 
the primary and secondary amines react to form amides while the terti- 
ary does not. These amides are alkali-soluble. On further heating the 
primary amide forms an imide which is not alkali- or acid-soluble. 


\cO2H 


-f-RNH2 


ViONHR 


>N-R 




OXIDATION OP AMINES 


397 


Oxidation of Amines. Amines are readily oxidized but such reactions 
possess little preparative value. Reagents for this purpose fall into two 
classes. The first is exemplified by Caro's acid (monopersulfuric acid, 
H2SO6) which adds an oxygen atom to the nitrogen atom of the amine. 
With the second type, which includes nearly all the ordinary oxidizing 
agents, the removal of hydrogen is the first step of the oxidation. 

The oxidation of aniline and dimethylaniline by Caro's acid are 
illustrations. 


C6H5NH2 


’ C 6 H 6 NH 2 ] j CeHsNHOH 

6 J ^ iCfiHsNO 


C6H5N(CH3)2 ► C6H5N(CH3)2 

6 


In general, tertiary amines react with Caro’s acid to give amine oxides. 

The interest in the amine oxides comes chiefly in connection with the 
valence of nitrogen. The formula is written as follows: 

R 

R:N:0: 

R " 


The oxygen atom is held by a coordinate covalence. 

Just as amines combine with water to form ammonium bases, amine 
oxides take up water to form bases. 


R 3 NO + H 2 O 


R 

R:N:0:H 
R ” . 


T + 


:0:H- 


One hydroxyl group is held by a covalence, the other by an electro- 
valence. The difference between the two is definite and has been shown 
by the synthesis of the following two isomeric compounds: 


R 1 

+ 

- R 

R:N:():H 

:0:CH3- and 

R:N: 0 :CH 3 

. R ” . 


. R *’ 


In the positive ion there is no difference between the four covalences 
except as to the original source of the electrons. These amine oxide 
bases react with acids to form salts just as the ammonium bases do. 


r R 


R:N:0:H 
. R ” 


Cl:- 


• • 
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Oxidizing agents of the second t 3 rpe appear to give free radicals as 
intermediates and, in addition to certain simple derivatives, always 
yield polymers. From aniline are obtained deeply colored substances 
whose structures are of the following type: 



The end product of the oxidation of aniline is p-benzoquinone. 

Nitro compounds are formed from primary amines only by the first 
type of oxidizing agent but the yields are rarely high. 


Diazotization 

Aromatic Diazonium Salts. As noted previously (p. 119), aromatic 
diazonium salts are prepared by treating an aromatic amine with sodium 
nitrite in cold acid solution. 


C6H5NH2 + 2 HC 1 + NaN02 


rCeHs-N 

III 

N 




+ Cl - + 2 H 2 O + NaCl 


That these are true onium salts can be shown by the method of their 
formation. 


CeHs-N-H 

I 

H 


(CoHs-N-NO) 


H+ 


[C6H5:N::N:]+ + H20 


After the hydrogen ion is added the elements of water are eliminated, 
leaving the charged diazonium ion. The structure and reactions of 
diazonium compounds are best brought out by considering the changes 
taking place in acid and basic solution. 


2ICOH HX 

j-CeHs-Nj + CI- ¥ C6H5-N=NOK ¥ 

Diazoniu^ salt Diazotate 

TTX 

C6H6N=N0H ±=1 CeHs-N-NO — ► 

E[ 

Nitrosamine 

(isolated) 


[ 


CeHs-N 


+x- 


In acid solution the reactions are those of the diazonium ion and involve 
the loss of molecular nitrogen and its replacement by such substituents 
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as OH, CN, and Cl. In basic solution the diazotate reacts. Coupling 
reactions are carried out in basic or faintly acidic solutions. 


CeHs-N 


+ Cl - + C6H5N(CH3)2 


CoH 5 -N=n/ Sn(CH 3)2 
sodium X,-:: — ,X 

acetate 


+ HCl 


Replacement of the diazonium group by aryl radicals is brought about 
by decomposing the salt in the presence of a hydrocarbon such as ben- 
zene. The reaction is catalyzed by aluminum chloride or better by 
copper. In the latter case not only biphenyl but also terphenyl, quater- 
phenyl, and quinqucphenyl are formed. 

C0H5N2CI -I- CoHe ► CoHsCoHs -h N2 -|- HCl 


CeHsNaCl -f- CcHsCcHs — ¥ CeHsCeH^CeHs -f- N2 -f- HCl 

A continuation of this process is evidently responsible for the formation 
of the higher hydrocarbons. 

Diazomethane. This useful reagent is prepared by the following 
sequence of reactions: 

CH3NH2 HCI -f KCNO ¥ CH3NHCONH2 -f- KCl 

CH3NHCONH2 -t- HNO2 ¥ CH3N(N0)C0NH2 + H2O 

Nitrosomethylurea 

CH3N(N0)C0NH2 + KOH — ¥ CH2N2 + KCNO -b 2H2O 


It can also be made from nitrosomethylurethan. 

CICO2C2H5 + 2CH3NH2 ¥ CH3NHCO2C2H6 + CH3NH3CI 

CH3NHCO2C2H5 + HNO2 — ¥ CH3NCO2C2H5 -1- H2O 

iio 

CH3NCO2C2H6 + 2KOH — ¥ CH2N2 + K2CO3 -1- C2HSOH + H2O 
NO 


A third preparation utilizes methylamine, mesityl oxide, and nitrous acid. 
(CH3)2CCHC0CH3 > (CH3)2C(NHCH3)CH2C0CH3 

-5224 (ch3)2Cch2Coch3 
CH3NN0 

- 525 4 (ch3)2C=chcoch3 + CH2N2 -1- H20 
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Diazomethane is a very poisonous yellow gas; it is generally used in 
ether solutions. It is a very effective methylating agent for acids, 
phenols, enols, and imides but does not ordinarily attack alcohols -or 
amines. Its most important reactions are illustrated below. 

^0 

RCO2H + CH2N2 — y RC-0CH3 + N2 
CoHsOH + CH2N2 y CeHsOCHa + N2 

RC-Cl + CH2N2 y RC-CHN2 + HCl 

RC-H + CH2N2 y R-C-CH3 + N2 


A cyclic ketone when treated with diazomethane yields the next higher 
cyclanone. Thus cyclopentanone and cyclohexanone yield, respectively, 
cyclohexanone and cycloheptanone. 


CO 

/ \ 

CH2 CH2CH2N2 


GH2 — CH2 


♦ I 


CO 

/ \ 

CH2 CH2 CH2N2 


CO 

/ \ 
CH2 CH2 


CH2 CH2 

\ / 

CH2 


CH2 

i: 


CH2 


:H2— CH2 


In an attempt to use this method in the preparation of cyclopropanone 
by treating ketene with diazomethane it was observed that the chief 
product was cyclobutanone; presumably cyclopropanone was an inter- 
mediate. 


CH2=C=0 


CH2N2^ 


CH2-CM) CH2N2 CH2-CO 
CH2 J CH2-CH2 


Of great interest is the reaction of diazomethane with the Grignard 
reagent. It does not behave like ketene or isocyanates but adds both 
the R and the MgX to the terminal nitrogen atom. 

vMgX 

CH2=N-N< + RMgX y CH2=N-N 

^R 

Diazoacetic Ester. Although diazomethane must be prepared indi- 
rectly, aliphatic amines can be converted to diazo compounds if the 
amino group is dlpka to a carbonyl group. Diazoacetic ester, for ex- 
ample, is prepared from the ethyl ester of glycine. 

C2H6O2CCH2NH2 + HNO2 y [C2H602CCH2N=N0H] 

— y C2Hfi02CCHNa 
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Most of the reactions of this compound appear to be those of the 
C 2 H 502 CCH<( radical. Hydrogen ion or heat causes the loss of nitrogen 
and the radical so formed dimerizes or reacts with other molecules which 
may be present. 

C2H502CCH< C2H502CCH=CHC02C2H5 


C 2 H 6 O 2 CCH + H 2 O — y HOCH 2 CO 2 C 2 HS 
\ 

It gives similar reactions with hydrogen chloride, iodine, acids, alde- 
hydes, etc. With unsaturated compounds nitrogen is not lost; cyclic 
compounds are formed which do lose nitrogen on heating. 



CHCO 2 C 2 H 6 C 2 H 5 O 2 CCH 

C2H6O2CCHN2+ I y I I 

CHCO 2 C 2 H 6 C 2 H 5 O 2 CC — CHCO 2 C 2 H 6 

H 

Pyrazoline derivative 


heat y 


C2H5O2CCH 

C2Ho02CCjH-CHC02C2H5 


Diazoacetic ester reacts with benzene at 130° to form norcaradiene- 
carboxylic ester and its rearrangement product, cycloheptatrienecar- 
boxylic ester. 

CH 


A 

I + N2CHCO2C2H5 

V 


/ 

CH 

i 

CH 


\ 


/ 

CH 


CH\ 

I CHCO 2 C 2 H 6 
CH^ 


and 


CH=CHCH2\ 


CH=CHCH ' 


CCO 2 C 2 H 5 + N 2 


Rearrangement. The rearrangement of certain IV-substituted ani- 
lines has already been mentioned. This is a rather general phenomenon 
and may be summarized by the following transformation where A equals 
halogen, alkyl, hydroxyl, amino, nitroso, nitro, etc. 


I + I + 

-NA -NH 



A 
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In all cases the nitrogen atom must be in the tetravalent condi- 
tion. 

By heating trimethylphenylammonium iodide at temperatures from 
250 to 335° the ring may be methylated progressively. 


(CH3)3N+I- (CH3)2N-HI 


A 

1 


A 



V 

CH 3 


CH3-NHHI 


CHsA 


CH3 


NH2HI 

CH3|P^CH3 

CHs 


This is known as the Hofmann rearrangement. 

Nitrosoamines undergo a similar change known as the Fischer-Hepp 
rearrangement. 


R-N-NO R-NH 

A 

HCl (A 

1 

> 1 

V 

V 

NO 


Similarly phenylnitroamines yield nitroanilines. 

CH3-N-NO2 CHsNH CH3NH 

A 
I 

V 

NO 2 



The rearrangement of phenylhydrazine hydrochloride at 200° is 
another example. 


NHNH 2 HCI 

A 

V 


NH2HC1 

A 

V 


NH 2 


The benadine rearrangement, mentioned earlier, is of this type. 



SUGGESTED READINGS 


403 


PROBLEMS 


1. Give useful methods for making the following amines: 

a. CH,NH 2 /. C«H 6 CH 2 CH 2 NH 2 

b. (CHslsNH g, (p-CHsC6H4)2NH 

c. (CHj) 3 N r /n.Tia.GNH. 


h. (CH3)8CNH2 


d. CHa/ 



yNHj 


j. CH2=CHCH2NH2 


2. Discuss the behavior of the various types of amines toward (a) nitrous acidj 
(jb) benzenesulfonyl chloride, (c) phthalic acid. 

3. Arrange the following compounds in an order of increasing basic strength’ 


a. CH 3 NH 2 
h. CcHfiNHj 


d. (CH3)2C=N0H 

e. CHsCONHj 


C. C0(NH2)2 


/. C6H6SO2NH2 
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ORGANIC SULFUR COMPOUNDS 

One of the early efforts to classify organic compounds containing oxy- 
gen and nitrogen was to regard them as substitution products, respec- 
tively, of water and ammonia. Thus ethers are obtained by putting al- 
kyl or aryl groups in place of the two hydrogen atoms of water, and 
amines by replacing similarly one or more of the hydrogen atoms of am- 
monia. By analogy sulftir compounds might be regarded as derivatives 
of hydrogen sulfide. Those having one radical are mercaptans (p. 61) 
or thiophenols, those with two are thio ethers (p. 62)1 

RSH ArSH RSR 

Mercaptan Thiophenol Thio ether 

Disulfides are also known (p. 62) but these show only a formal re- 
semblance to peroxides. 

R-S-S-R R-0-0~R 

Disulfide Peroxide 

In general, the analogies between sulfur and oxygen compounds are of 
a structural rather than a chemical nature. 

The more important sulfur compounds are those in which the sulfur 
atom shows a valence higher than two, and these are very different from 
any known compounds of oxygen. The sulfonic acids are the most im- 
portant examples. 

Mercaptans 

These substances are made by the interaction of alkyl halides and the 
mono sodium salt of hydrogen sulfide (p. 61), 

RX + NaSH ► RSH + NaX 

Another method involves the use of potassium xanthate. 

>S ^ 

RX + KSC^0C2H8 — ¥ RSC^CaHe + KX 

|h*o 

RSH + COS + CzHeOH 

404 
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In the aromatic series the thiophenols are obtained by reduction of the 
sulfonyl chlorides. 

ArS02Cl + 3H2 — ^ ArSH + HQ + 2 H 2 O 

H2SO4 

Thiophenols can also be made from diazonium salts by replacement. 


ArN2X + KSC-OC2H5 — > ArSC-OC2H5 + N2 + KX 
ArSC-OC2H5 + H2O ¥ ArSH + COS + C2H5OH 


Mercaptans differ from alcohols in being much less associated. The 
following table of boiling points shows this difference: 


TABLE XXXII 
Mercaptans and Alcohols 



Boiling Point 

HgS 

-61“ 

CH 3 SH 

6 

C 2 H 5 SH 

37 

n-C 3 H 7 SH 

68 

7^C4H9SII 

98 



Boiling Point 

H 2 O 

+ 100 “ 

CH 3 OH 

65 

(iHfiOH 

78 

ri^CsHyOH 

97 

n^C 4 H 90 H 

117 


The most characteristic property of the mercaptans and thiophenols is 
their intensely disagreeable odor. It is said that 1/460,000,000 mg. of 
ethyl mercaptan can be detected by its odor. This is 1/250 of the small- 
est amount of sodium which can be detected spectroscopically. The un- 
pleasant odor of crude petroleum is due primarily to mercaptans. n-Bu- 
tyl mercaptan is a constituent of the secretion of the skunk. 

Mercaptans and thiophenols are also more acidic than the correspond- 
ing oxygen compounds. This could be predicted from the fact that they 
are monosubstituted derivatives of hydrogen sulfide, which is an acid. 
A characteristic property of mercaptans is the ease with which theii 
salts form mercury derivatives. 

RSH + NaOH — ¥ RSNa + H 2 O 

2RSNa + HgCl 2 — ► (RS) 2 Hg + 2NaCl 

The name mercaptan (corpus mercurium captans) comes from this fact 
Mercaptans react with acids to form esters. 

..0 p 
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This indicates that in esterification, in general, the hydroxyl group comes 
from the acid rather than the alcohol. 

Mercaptans form mercaptals with aldehydes and mercaptoles with ke- 
tones. Acetaldehyde and acetone may be cited as illustrations. 

/SC2H5 

CH3CHO + 2C2H6SII ¥ CH3CH + H2O 

'«C2H6 

CH3\ CHjv /SC 2H6 

CO + 2C2H5SH — y C + H2O 

CH3/ CH3/ ^02115 

The latter equation represents one step in the process used to manufac- 
ture sulfonal (p. 78). 

The most interesting reaction of mercaptans is the conversion to di- 
sulfides by oxidation (p. 62). 

2RSH + [0] ¥ RS-SR + H2O 

The formation of cystine from cysteine is an example. 

CH2SH CH2S— SCH2 

2CHNH2 + [0] ¥ CHNn2 CHNH2 -f- H2O 

CO2H CO2H 6O2H 

Cysteine Cystine 

The disulfides are probably formed as intermediates in the oxidation 
of mercaptans to sulfonic acids (p. 62). 

2RSH -1- [0] ¥ RS-SR + H2O 

RS-SR -1- 5[0] + H2O ¥ 2RSO3H 

It will be noted that this behavior is very different from that of alco- 
hols, which undergo oxidation at the a-carbon atom. 

Thio Ethers 

Thio ethers (p. 62) are prepared by the interaction of mercaptides 
and alkyl halides. 

RSNa -t- R'X — ► RSR' + NaX 

They may also be made by treating alkyl halides with alkali sulfides. 
2RX + Na2S — ¥ RSR + 2NaX 
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fij/w.-Trithianes, compounds closely related to thio ethers, are formed 
by the treatment of aldehydes or ketones with hydrogen sulfide in 
the presence of hydrochloric acid. Thioaldehydes and thioketones are 
presumably intermediates in this reaction. 


ECHO + H2S ► [RCHS] + H2O 

1 


R 

CH 


/ \ 


s s 
1 I 

RCH CHR 


\ / 


S 


These substances are analogous to paraldehydes. The parent com- 
pound, sj/m.-trithiane, is a trimer of thioformaldehyde. 


3H2CS 


S 

/ \ 

CH 2 CH 2 


s 


s 

\ / 

CH 2 


The trithiancs from higher aldehydes exist in cis and trans modifica- 
tions. 


R 

s— 6 




H 


R/ 

C it S 

A\ r/ 

^ S— C 

I 

H 

CM Form 


R 

Tt S-C 


trans Form 


Recently thioketones have been prepared in the monomeric forms. Ben- 
zophenone is converted to thiobenzophenone by treatment with hydro- 
gen sulfide and hydrogen chloride. 

HCl 

(C 6 H 6 ) 2 C 0 + H2S ► (C6H6)2CS + H2O 

It is a deep blue solid, melting at 52®. Thiocamphor can be made by a 
similar method. 
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Thio ethers react with alkyl halides to give sulfonium halides in which 
the sulfur atom is trivalent. 

R-S-R + RX > RaS+X- 

These compounds have the following electronic structure: 

R 1 + 

R:S: X- 
R J 

Sulfoxides and Sulfones 

Thio ethers may be oxidized to sulfoxides and sulfones (p. 63). These 
interesting substances have been found to have the following structures: 

R : S : R or R—S~R 
: 0 : 6 

:0: O 

R:S:R or R-^R 

: 6 : 6 

• • 

In the sulfoxides the sulfur atom is trivalent and in the sulfones tetra- 
valent. It is possible to write the sulfoxides as unsaturated compounds 
but this would give ten valence electrons to the sulfur atom. 

K:S:R or R-S-R 

II 

:b: O 

An interesting proof of the accepted structure for sulfoxides is the fact 
that the dithiane disulfoxide exists in cis and trans modifications (p. 221). 

Sulfones may be obtained by the oxidation of thio ethers or sulfoxides. 
Aromatic sulfones can be made by the action of sulfuric acids on aro- 
matic hydrocarbons. 

2C6H6 + H 2 SO 4 > CeHsSOaCeHs + 2 H 2 O 

Sulfur dioxide reacts with olefins to give polysulfones. 

r R R 1 

nSOz + nRCH=CH 2 — ► [ — <{)H-CH 2 S 02 -CH 26 HS 0 a J,/2 
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Trisulfones from certain tiithianes are acidic and form sodium salts. 
It is not known whether this is due to enolization; if so, it requires the 
assumption of an expanded valence shell for sulfur. 

R R OH 

CH-SO2 (‘^H-SO 

/ \ 

SO2 CHR =± SO2 CR 

\ / \ / 

CH-SO2 CH-SO2 

R i 


Sulfinic Acids 


These have been studied mostly in the aromatic series. They are made 
by reducing sulfonyl chlorides with zinc and alkali or with sodium sulfite. 

RSO 2 CI + H 2 ¥ RSO 2 H + HCl 

They have also been prepared by the action of sulfur dioxide on the 
Grignard reagent (p. 270). 

RMgX + SO 2 — > RS02MgX 2^ RSO 2 H 


: 0 : 




They have the structure R:S;0:H or RS . The alternative for- 

.Q. ” ” 

mulaR:S:0: or RS-O also satisfies the requirements of the valence 
jj •• H 


theory and many of the reactions seem to be best explained by this struc- 

/) 

ture. However, the esters must have the structure R-S for they 

^OR' 

are resolvable. As was pointed out earlier, only the form o in which 
sulfur is trivalent will permit this. Forms 6 and c are excluded. 


: 0 : O O 

R:S: 0 :R R-^R r 4 -R 

6 

(o) (6) (c) 


Sulfonic Acids 

The sulfonic adds of the aromatic series are of great importance. 
Aliphatic sulfonic adds are also known, however. These can be 
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prepared by the oxidation of mercaptans (p. 62 ) or by the action of 
sodium sulfite on an alkyl halide. 

EX + Na2S03 > RSOsNa + NaX 

|h* 

RSO3H 


The latter reaction recalls the fact that sulfurous acid may be written 
in isomeric forms. 



H: 0 :S: 0 :H and : 0 :S: 0 :H 
” H " 

(a) (6) 


The reaction in question may be explained by assuming form b for the 
sodium salt. 


O 0 

R I X + Na I S-ONa — y R-S-ONa + NaX 

^6 6 


The most interesting sulfonic acid of the aliphatic group is taurine. It 
occurs in the bile of animals and is thought to be a degradation product 
of cystine. 


CH2CHCO2H 
^ NH2 
^ NH2 
bH26HC02H 

Cystine 


HO3SCH2CHCO2H — ^ 112NCH2CH2SO3H 
NH2 

Taurine 


It can be synthesized by the following sequence of reactions: 

CH2CH2 + NH3 — > HOCH2CH2NH2 
X)/ 

HOCH2CH2NH2 + 2HBr ¥ BrCH2CH2NH3Br + H2O 

BrCH2CH2NH3Br + Na2S03 — ¥ NH2CH2CH2SO3H + 2NaBr 


Aromatic sulfonic acids frequently are used as intermediates in the 
83mthesis of other substances; also, the sulfonic acid group may be in- 
troduced to increase the water solubility of a molecule. Aryl sulfonic 
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acids and most of their sodium salts are water-soluble. These sub- 
stances usually are made by direct sulfonation of aromatic compounds. 
The sulfonation of benzene will serve as an example. Mono-, di-, and 
trisubstituted derivatives are obtained. 

SO3H 



Benzencsulfonic acid 


SO3H SO3H SO3H 



Commercially, benzencsulfonic acid is isolated as the sodium salt. 
This separation depends on the fact that the calcium sulfonates are 
soluble in water. The process is known as liming out and consists in 
neutralizing the sulfonation mixture (after dilution with water) with 
lime. The insoluble calcium sulfate is separated by filtration and the 
calcium sulfonate remains in the filtrate. Addition of sodium carbonate 
converts it to the sodium salt which is obtained by evaporating the so- 
lution to dryness. 

(C6H5S03)2Ca -h Na2C03 — > 2C6H5S03Na + CaCOs 

Another method of obtaining sodium sulfonates is to treat the sulfo- 
nation mixture with sodium chloride. The sodium sulfonate precipi- 
tates because it is insoluble in brine. 

C6H5SO3H + NaCl — ¥ CcHsSOzNa -t- HCl 

The free sulfonic acids are rarely prepared. They are obtained by 
treating the calcium, barium, or lead salts with the calculated amount 
of sulfuric acid, removing the insoluble sulfate, and concentrating the 
aqueous solution. 

The sulfonic acids are solids and generally crystallize as hydrates. 
Some are hygroscopic. Benzencsulfonic and p-toluenesulfonic acids are 
sometimes used as catalysts where a strong nonvolatile acid is required. 
Sulfonic adds resemble mineral acids in strength. 

Replacement of tiiie SO3H Group. The sulfonic acid group may be 
replaced by hydroxyl, cyano, or hydrogen. All these reactions furnish 
Imnortant synthetic methods. 
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CeHsSOsNa + 2NaOH — ► CeHsONa + Na2S03 + H2O ( 1 ) 
CeHsONa + H2SO4 ► CeHsOH + NaHS04 



SOaNa OH 

a-Naphthol 

CeHsSOaNa + NaCN — ¥ CeHsCN + Na2S03 (2) 

CeHsSOaH + H2O ► CeHo + H2SO4 (3) 

Reaction 3 takes place when the sulfonic acid is heated with water 
above 100 ° dnder pressure. An example of its use is met in the synthe- 
sis of o-bromophenol. Phenol is sulfonated to block the para and one 
ortho position and after the bromination has been effected the reaction 
mixture is subjected to steam distillation. The sulfonic acid groups are 
removed and o-bromophenol passes over with the steam. 



SO3H SO3H 

Derivatives of Sulfonic Acids 

Sulfonic acids are converted to the corresponding chlorides by phos- 
phorus pentachloride or oxychloride. 

3 C 6 H 5 S 03 Na -f PCI5 ¥ 3C6H5SO2CI -|- 2 Naa -f NaPOs 

2C6H6S03Na + POCI3 — ► 2C6H6SO2CI + NaCl -|- NaPOs 

The preparation of aromatic sulfonyl chlorides is best accomplished by 
treating the aromatic compound with chlorosulfonic add. 

CoHe + 2CISO3H — ¥ C6H6SO2CI + HCl + H2SO4 

Direct esterification of sulfonic acids does not take place; esters are 
usually made by treating the add chloride with alcohols in pyridine. 

Ammonia and primary and secondary amines react with the chlorides 
to give amides. Those having a hydrogen atom on the nitrogen atom 
are soluble in alkali. This is veiy interesting in view of the fact tiiat 
these amides cannot enolize without violating the octet rule. 
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Sulfonamide derivatives have found a variety of uses. Chloramine-T, 
for example, has antiseptic properties. 

P-CH3C6H4SO2NCI -Na+ 

Chloramine-T 

The artificial sweetening agent, saccharin, is closely related to the 
sulfonamides. It is several hundred times as sweet as sugar and is used 
by diabetics as a substitute for sugar. It is made from toluene by an in- 
teresting sequence of reactions. 


CH3 CH3 CHs CO2H 



Sacchaxin 


Saccharin is a cyclic imide and, like phthalimide, it is a weak acid. It 
is used in the form of its sodium salt, which is soluble in water. 



The Sulfa Dnigs. Certain sulfonamides have been found to be 
remarkably effective in the treatment of disease. Sulfanilamide has a 
high bactericidal activity and is particularly valuable in the treatment 
of streptococcal infections. It is made from acetanilide by the following 
transformations: 


NHCOCH3 NHCOCH3 NHCOCH3 NH2 



SO2CI SO2NH2 SO2NH2 

Acetanilide Sulfanilatnide 


Very closely related to sulfanilamide is sulfapyridine, which has 
proved amazingly effective in combating pneumonia. It is a derivative 
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of a-aminopyridine (p. 466) and is made in much the same way as 
sulfanilamide. 


A 

Sulfapyridine 


Sulfathiazole and sulfadiazine promise to be useful drugs particularly 
for staphylococcal and pneumococcal infections. They differ from sul- 
fapyridine in having thiazole and pyrimidine rings, respectively, instead 
of the pyridine ring. Thiazole and pyrimidine are among the many less 
common heterocyclic compounds containing more than one heteroatom. 
These rings are present in vitamin Bi or thiamin. 


CH 


/ \ 


N CH 

CH CH 

II II 

II 1 

CH CH 

N N 

\/ 

\ / 

S 

CH 

Thiazole 

Pyrimidine 


/ 


S-CH 


SO 2 NHC 

A 


N-CH 


N=CH 

/ \ 

SO 2 NHC CH 

A 


Y 

NH2 

Sulfathiazole 


N-CH 


Y 

NH2 


Sulfadiazine 


Sulfaguanidine, because it is not absorbed from the alimentary tract, 
shows promise of being valuable in the treatment of bacillary dysentery 
and in pre-operative disinfection of the intestinal tract. 

NH 

H2N^^^02NH-^NH2 

Sulfaguanidine 


Derivatives of Sulfur Analogs of Carbonic Acid 

Only a few of these substances can be mentioned. Carbon disulfide, 
CS 2 , is manufactured by passing sulfur vapors over red-hot coke. It is 
a volatile, inflammable liquid which finds use as a solvent. It is gener- 
ally employed in this way in the Friedel-Crafts reaction. 

Carbon oxysulfide, COS, is made by adding carbon monoxide to sulfur 
at low temperatures. It is a gas. 

The most important derivatives of carbon disulfide are the xanthates 
They are formed when alkali alcoholates react with carbon disulfide. 

RONa + CS2 — > ROC-SNa 



DERIVATIVES OF SULFUR ANALOGS OF CARBONIC ACID 415 

These salts are water-soluble, and this fact is used to advantage in the 
manufacture of rayon from cellulose. The latter is converted to the 
xanthate and later regained by decomposing the xanthate solution. 
Thiocyarujies are made by adding sulfur to cyanides. 

KCN + S — ► KSCN 

Ferric thiocyanate, Fe(SCN) 3 , has a deep red color and is used to detect 
iron. Mercury thiocyanate burns to give Pharaoh’s serpents. Alkyl 
thiocyanates can be made by the action of alkyl iodides or sulfates on 
potassium thiocyanate. 

RI + KSCN > RSCN + KI 

Alkyl thiocyanates and certain of their derivatives are used as contact 
insecticides. They rearrange to alkyl isothiocyanates when heated. 
Generally this requires long treatment but in the case of allyl thiocya- 
nate takes place readily. One distillation is sufficient to effect the con- 
version. 

CH2=CHCH2SCN — ¥ CH2=CHCH2NCS 

Isothiocyanales or mustard oils take their name from allyl isothiocya- 
nate which occurs as a glucoside in mustard. The general methods for 
making them involve the use of primary amines. These are treated with 
carbon disulfide and lead nitrate. 

RNH2 + CS2 — ¥ [RNHCS2H] > R-N=OS 

If aniline is heated with carbon disulfide thiocarbanilide is formed. It 
yields phenyl isothiocyanate when boiled with strong hydrochloric add. 

2C6H5NH2 + CS2 ► CeHsNHCSNHCeHs + H2S 

Thiocarbanilide 

CeHsNHCSNHCsHs + HCl ¥ C0H5NCS + CeHsNHa-HCl 

Phenyl isothiocyanate 
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PROBLEM 

Suggest possible methods for obtaining the following compounds: 


а. 0 

C2H 5— S'“C2H 5 

i 

o 

б. CH3CH2SO8CH3 

C. C6H6SC2H6 

d. CHsC^ ^SOjH 



h. CH2CH2 
SO ^SO 
^CHsCHa 


^ t. CcHsCHjSH 

e. CeH6SC!-OC2H6 

/. C«H6S02NHC6H* 
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Aromatic character or aromaticity has always been associated with 
cert^ain types of reactions more or less peculiar to benzene and its de- 
rivatives. Among these are halogenation, nitration, mercuration, sulfo- 
nation, the Friedel-Crafts reaction, and coupling with diazonium salts. 
However, all these reactions are encountered in the aliphatic series and 
provide no very satisfactory basis for distinguishing between the two 
classes. 

The most important characteristics of aromatic compounds — ^those 
which set them off from the aliphatic group — are to be found in their 
low degree of unsaturation, their tendency to form, and their remarkable 
ability to retain their peculiar character. 

Although benzene can be hydrogenated and will react additively with 
halogens — is therefore clearly an unsaturated hydrocarbon — it does not 
decolorize alkaline permanganate solutions. Moreover it tends to un- 
dergo substitution rather than addition reactions. Aromatic compounds 
differ chiefly from unsaturated aliphatic compounds in having only a 
slight tendency to form compounds of the dihydrobenzene type. In 
some aromatic compounds such as pyridine and nitrobenzene only sub- 
stitution occurs and that with dfficulty. These compounds are more 
aromatic than benzene. On the other hand naphthalene gives deriva- 
tives of the dihydrobenzenoid type more readily than does benzene and 
is, accordingly, regarded as less aromatic than benzene. 

The formation of aromatic nuclei from aliphatic or alicyclic compounds 
is a remarkable phenomenon. Sometimes it occurs in ways which do 
not seem peculiar but more often it involves transformations bespeaking 
a conspicuous tendency for this type of ring to develop. By way of illus- 
tration and contrast may be cited the formation of 2,4-diisopropyltolu- 
ene and of 2,4-dimethylphenylacetic acid. 


(CH3)2CHC 


CH=CHCCH3 

/ O 


\ 


CH-CH 2 


CH(CH8)2 


CH=CH 

/ \ 

(CH3)2CHC CCHs 

CH-C 

<bH(CH8)2 

2,4-Dii8opropyltoluexie 
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CHa 

J 

•C(CH3)2 

6H2-6HCH2C02H 

Pinonic acid 

The Structure of Benzene 

It will be noted that on the basis of the vinylogy principle the first 
example would be expected to form methyldiisopropylci/cZo/iera^nene. 
In general, reactions which might be expected to give cyclohexatriene 
yield benzene or one of its derivatives. It is now generally believed that 
benzene is, in fact, cyclohexatriene — that it has the structure suggested 
by Kekul4. Recent studies in wave mechanics indicate that the pecul- 
iarly diminished unsaturation of the ring is due to resonance. Thus 
benzene is pictured as a symmetrical ring which is a resonance hybrid of 
the two forms resulting from a shift of the bonds. 




A 

j 

i — > 

1 

v 


V 


The Kekul6 structure is supported also by results obtained by ozoni- 
zation of o-xylene. The two possible modifications are both present, for 
the products of ozonization include glyoxal, methylglyoxal, and biacetyl. 

CH3 

60 

CHO COCH 3 
CHO CHO 
'cHO 
CHa 

60 

CHO ^COCHa 
CHO CHO 
CHO 

The MiUs-Nizon Effect 

The demonstration that o-xylene really exists in the two forms 
possible according to Kdcul^’s formula might appear to be concluave 



CHa 

AcHa o, 





CHa 
CH-C 
/ \ 

CHaC CCH2CO2H 

\ / 

CH=CH 

2,4-Dimethylphenylacetic acid 
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evidence against this formula. On the other hand, there is now evidence 
that the bond structure of the benzene ring can be stabilized — an obser- 
vation which only the Kekul4 formula can explain. The new work is 
due to Mills and Nixon, who calculated that the six bonds holding the 
hydrogen atoms of benzene do not extend from the ring in an entirely 
symmetrical manner, but that those separated by a double bond form 
a somewhat larger angle with one another than those separated by a 
single bond, that is, the distance a in the figure is greater than distance h. 



This hypothesis suggests that if a five-membered ring is fused on the 
benzene ring, as in hydrindene, the strain involved will be less if there 
is a single rather than a double bond common to the two tings. 



Thus form o should be more stable than 6, and the bonds would tend to 
become fixed. 

Experiments show that such fixation probably occurs. A few facts 
may be cited as illustrations. Compound c couples with diazonium salts 
much less readily than does d. 



The wide difference in the physical properties of 2,4- and 4,6-diacetyl- 
resorcinols has been ascribed to chelation. The former melts at 91“ and 
is volatile with steam, whereas the latter melts at 182“ and is not vola- 
tilized by steam. It will be seen that if we use the Kekul4 structure 
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only one chelate ring is possible in the 4,6-isomcr whereas two can be 
present in the 2,4-dcrivative. 



CH3 CHs 


This, of course, involves the assumption that chelation takes place only 
when there is a double bond between the hydroxyl group and the acetyl 
group which are involved. 

The introduction of the aldehyde group into resacetophenone by the 
Gattermaim reaction gives the 3- rather than the 5-derivative. This 
has been explained by assuming fixation of the bonds by chelation. 


OH OH 



Reactions of Aromatic Compounds 

The reactions involving functional groups attached to an aromatic 
ring are generally similar to those observed with the aliphatic analogs. 
However, many exceptions to this rule have been recorded. Some of 
these have already been discussed; others which are of considerable in- 
terest will be mentioned briefly. 

Side Chains. Side chains owe their reactivity to the adjoining ring 
and are much more easily attacked than are paraffins. Not only can 
they be halogenated (p. 233), but with strong oxidizing agents they are 
converted to carboxyl groups (pp. 40, 86). As has been seen the re- 
activity is greatly enhanced by nitro groups in the ortho or pom posi- 
tions. 

A remarkable peculiarity of o-dialkylbenzenes is that, in contrast to 
the Tneta and pom isomers, they are completely oxidized by chromic 
add. With this reagent o-xylene is destroyed whereas m-xylene gives 
isophthalic add. No explanation has been advanced for this differ^ce 
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During the process of sulfonation, highly alkylated benzenes readily 
undergo isomerization due to the migration of groups. This is called 
the Jacobsen rearrangement. In the presence of cold concentrated sul- 
furic acid the groups may move from one position to another or from 
one ring to another. For example, prehnitene is obtained from durene 
or isodurene by the following sequence of changes 


.SO3H 

j'^CH 3g^Q^C H3 

CH3l^CH; 

Durene 

SO3H 



CH3 


CH3 

Isodurene 


CH3IJ 
CH3 


Pentamethylbenzene, on the other hand, yields a mixture of hexa- 
methylbenzene and prehnitene. 


CH3^CH; 


13 H2SO4 


CH3 

CH3f^CH3 


cH3i:^ycH3 

CHs 

Pentamethylbenzene 


■4 


and 


CHs 

CH3rf^H3 


CH3i:^yCH3 

CHs 

Hexamethylbenzene 


U 


CHs>; 

Prehnitene 


It has been shown that in these nugrations the sulfonic adds and not 
the oripnal hydrocarbons undergo the rearrangement. 

Polyatomic I%enols. Aromatic rings which carry more than one 
hydroxyl group exhibit many peculiarities. For example, 0- and p-di- 
hydroxy compounds are reachly oxidized to the corresponding quinonea 
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With the quinones they form highly colored addition compounds known 
as quinhydrones. 



Quinhydrone 


The attachment of the two molecules in the quinhydrone is not under- 
stood but appears not to involve primary valence forces. Meta dihy- 
droxy compoimds cannot give quinones. 

Catechol. Catechol may be made by dcmethylation of guaiacol, 
which occurs in beechwood tar. 


OH 

J^^CHs 

V 

Guaiacol 


OH 

j^OH 

Catechol 


CHO 

I^OH 

V 

Salicylaldehyde 


A more unusual synthesis is the conversion of salicylaldehyde to catechol 
by the action of alkaline hydrogen peroxide. 

Catechol is remarkable for the ease with which it is carboxylated. It 
is converted to protocatechuic acid merely by heating with aqueous 
immonium carbonate at 140®. 

OH OH 

/\0H 


CO 2 H 


Protocatechuic acid 


Resorcinol. Resorcinol results from the alkali fusion of wi- or p- 
benzenedisulfonic acid or of o-, m-, or p-bromobenzenesulfonic add. 
Posfflbly in the latter examples the sulfonic acid group migrates to the 
meta position before replacement occurs. 

Phlotoglucinol. Phloroglucinol is obtained in several ways, of which 
three will be listed. 

1. Hydrolysis of 1,3,5-triaminobenzene or 2,4,6-triaminobenzoic add. 
The starting point in this ^thesis is TNT and the steps are as 
follows: 
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CHs 

N 02/^02 

u 

N 02 


C 02 H 

N02/\n02 


N 02 


C 02 H 

NH2/VjH2 


HO/\3H 


NH; 


OH 

Phloroglucinol 


2. Alkali fusion of resorcinol in the presence of air. This is a charac- 
teristic of many phenolic substances but it is not clear why the entering 
hydroxyl group takes up position 5 rather than some other. 

3. Condensation of malonyl chloride with acetone. 


COCl CII3 
CH2 +CO 
COCl CH3 


CO-CH2 

/ \ 

CH2 CO 

\ / 

CO-CH2 


OH 

/\ 


HO>^,^^H 


This is especially interesting because it would seem to involve the inter- 
mediate formation of the keto form of the phenol. As a matter of fact 
phloroglucinol yields a trioxime and must exist to some extent in the 
keto form. This suggests an explanation of the facile hydrolysis of 
1,3,5-triaminobenzene. By analogy with oxygen derivatives the tria- 
mine would be expected to be in tautomeric equilibrium with the trike- 
timine, a substance which would be hydrolyzed readily. 


H2N|^NH2 


NH 2 


0112 

/ \ 

hn=c c=nh 

; I I - 

CH2 CH2 

\ / 
c 

II 

NH 


CH2 

/ \ 

CO CO 

H I ^ 

CH 2 CH 2 

\ / 

CO 


H0/\0H 


OH 


Phloroglucinol is thus very near the borderline which divides aromatic 
from alicyclic compounds, being under suitable conditions a mixtime of 
tautomers one of which is aromatic and the other alicyclic. 

The vicinal (1,2,3-) trihydroxybenzene, known as pyrogallol, is im- 
portant as a developing agent and as a dye intermediate. It resembles 
resorcinol in the ease with which it can be carboxylated to give the cor- 
responding add. 


OH OH 

H0/\0H HOr^^H 


u 




OH 

H0|^0H 

TO 2 H 
Gallic acid 


Pjrrogallol 
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Gallic acid is an isomer of this acid and is obtained from tannic acid, a 
constituent of gallnuts. The tannic acid of commerce is gallotannin. It 
is used as a mordant in dyeing cotton cloth (p. 465), in the manufacture 
of inks, as an astringent, and in the treatment of burns. 

m-Digallic acid is a depside and closely related to certain types of 
tannins. 



m-Digallic acid 

Depsides are esters of aromatic hydroxy acids with hydroxy acids. By 
esterification of glucose with gallic acid and rw-digallic acid compounds 
are formed which resemble natural tannins. 

Hydrolysis of natural tannins of this type yields gallic acid. Like py- 
rogallolcarboxylic acid, gallic acid loses carbon dioxide when heated and 
yields pyrogallol. 

Quinones. Quinones are readily formed from certain aromatic com- 
pounds and yield dihydroxybenzenes on reduction. The oxidation of 
aniline with potassium dichromate is one of the common methods for 
making quinone. The change from quinone to hydroquinone is rapid 
and reversible, and is one of the few such reactions of organic compounds. 



A potential is developed on a platinum wire dipped into a quinone- 
hydroquinone mixture in the presence of an electrolyte such as dilute 
acid. This system can function as a half cell. 

In spite of this close genetic relationship between a quinone and a 
hydroquinone it must be recognized that whereas the latter is typically 
aromatic the former is alicyclic. It is an unsaturated diketone. Qui« 
none undergoes reactions which are characteristic of a,j8-unsaturated ke- 
tones. For example, hydrogen chloride adds to it in the 1,4 manner 
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The product is the chlorohydroquinone formed by subsequent enoliza* 
tion. 


0 

ll 

■ OH 

c 

1 

C 

/ \ 

/ \ 

CH CH 

CH CH 

II II +HC1— > 
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CH CH 

CH CHCl 
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OH 
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CH CH 

II I 

CH CCl 


V 

OH 


In the presence of an oxidizing agent the chlorohydroquinone is changed 
to the corresponding quinone. This process is repeated until the tetra- 
chloroquinone is formed. This explains the formation of chloranil by 
the oxidation of aniline in the presence of hydrochloric acid. 


NH2 
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0 

II 
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/ \ 

CH CH 
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II 
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CIC^ ^CCl 


CH CH 

II 
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cic ca 

V 

II 

0 

Chloranil 


The ketonic nature of quinones is demonstrated by the formation of 
dioximes and other typical derivatives of diketones. The monoxime of 
quinone is identical with the product obtained by the action of nitrous 
acid on phenol. Nitrosophenol and quinone oxime are evidently tauto- 
mers; which form represents the product is not yet certain. 


NOH 

II 
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CH 
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CH CH 
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Although quinone is generally made by the oxidation of hydroqui* 
none or aniline it can be obtained from benzene directly. It has been 
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postulated as an intermediate in the catalytic oxidation of benzene to 
maleic anhydride. 


0 




CH 


CT .CH 




0 , 


CH TCH 

■♦II 111 

iCH 




O 

II 

ch\ 

■♦II > + 2C02 + HzO 
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It can be demonstrated that, under the conditions used, quinone will 
yield the observed products. 

Rearrangement of Allyl Phenyl Ethers. Allyl phenyl ethers rearrange 
under the influence of heat to give the corresponding o-allylphenols. 
The rearrangement was discovered by Claisen and generally bears his 
name. o-Allylphenol is obtained in yields of 80 per cent by heating al- 
lyl phenyl ether at 190-220° for six hours. 

och2Ch=ch2 oh 


A 

jj^CH2CH=CH2 

v 

V 


If the resulting phenol is allylated the rearrangement can be repeated 
until the ortho and para positions are filled. 


0CH2CH=CH2 

|^CH2CH=CH2 


OH 

CH2=CHCH2 ^CH2CH=CH2 

OH 


CH2=CHCH2f^CH2CH=CH2 


^H2CH=CH2 


In general the allyl group goes to an ortho position but if both these 
are filled it migrates to the para position. It has been established also 
that the carbon atom Which is attadhed to the oxygen atom in the ether 
is not the one which becomes attached to the ring; the y-carbon atom 
of the allyl group is joined to the aromatic nucleus in the rearrangement 
product. This is illustrated by phenyl ciimamyl ether which yields not 
cinnamylphenol but o-a-phenylallylphenol. 
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och2Ch=chc6H5 oh 



o-a-Phenylallylphenol 


The rearrangement of allyl phenyl ethers is general and is remarkable 
for the simplicity of the procedure and the excellence of the yields. This 
type of reaction has been observed with other phenyl ethers and also 
with vinyl allyl ethers. 

An interesting example of the same sort is the rearrangement of the 
cinnamyl ether of ethyl acetoacetate. The product is not identical with 
that which is formed by treatment of the sodium derivative of ethyl 
acetoacetate with cinnamyl chloride. This shows that the enol ether 
cannot be intermediate in the formation of ethyl cinnamylacetoacetate. 

CH3C=CHC02C2ll5 ► CH3COCHCO2C2H5 

6cH2CH=CHC6H5 C6H5GHCH=:CH2 
|CH3C0CHC02C2ll5]Na + C6H5CH=CIICH2C1 

— ► CH3COCHCO2C2H5 

CH2CH=CHC6H6 


The inversion of the allyl group during rearrangement to the ortho 
(or gamma) position suggests that some sort of ring closure may be in- 
volved. 


CH2 

/ \ 

0 CH 


0 

CH 

^ 

CH 2 

V 



OH 

j^CH2CH=CH2 
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Support for this idea is seen in the fact that when the group migrates to 
the para position, where ring closure is impossible, inversion rarely takes 


A reaction that bears a remarkable resemblance to the Claisen rear- 
rangement has been observed in the aliphatic series. It involves the 
isomerization of allyl alkylene derivatives of certain active methylene 
compounds. The following is an illustration. 

CH3 CN CHs CN 

CH3CH=(!; — CC02C2Hfi — > CH3CHC==6 c02C2H6 

CH2=Ch6h 2 CH2=CH(bH2 
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NH2 

X 

V 


+ H3AS04 


NH2 

+ H20 

AS03H2 
Arsanilic acid 



OH 

X 

I 

V 


+ H3AS04 ■ ) 



+ H20 


AS03H2 


In each instance the principal product is the para isomer. Small amounts 
of the ortho isomers are also produced. A more general method of mak- 
ing arsonic acids is furnished by the Bart reaction. This reaction takes 
place when a diazonium salt is decomposed in the presence of sodium 
arsenite or arsenic trichloride and a copper salt. Phenylarsonic acid 
can be made from benzenediazonium chloride and sodium arsenite in 
yields of 45 per cent. 

CUSO4 

C6H5N2CI + NasAsOa % C6H5As03Na2 + N2 + NaCl 


C6H6As03Na2 + 2 HC 1 ► CgHsAsOsHz + 2 NaCl 


The value of arsonation in synthetic work may be illustrated by refer- 
ence to arsphenamine and neoarsphenamine. The discovery of arsphen- 
amine or salvarsan was one of the early triumphs in the history of 
chemotherapy. This compound is also called ‘* 606 ^^ because it was the 
606 th arsenical tried by its discoverer, Ehrlich. It has proved to be ex- 
tremely useful in the treatment of syphilis. It is made from arsanilic 
acid by the following method: 
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From a practical viewpoint, arsphenamine has several disadvantages. 
For example, it is so easily oxidized that it deteriorates in contact with 
the air. Many attempts have been made to find a derivative in which 
these undesirable properties are minimized. One of these is neoarsphen- 
amine, which is made by treating arsphenamine with a solution of the 
addition compound formed by formaldehyde and sodium hydrosulfite. 
It appears to have the following structure: 



— -'- As 

A 

^JlNHCHaOSONa 

Neoarsphenamine 


Mercuration. One of the most interesting substitution reactions of 
aromatic compounds is the direct introduction of a mercuri acid group 
such as acetoxymercuri. This can be brought about by treatment with 
mercuric acetate, or, what amounts to the same thing, mercuric oxide in 
acetic acid. 


ArH + Hg(OCOCH 3)2 ► ArHgOCOCHs + CH 3 CO 2 H 


Hydrocarbons are mercurated by treatment at 90-160° for one or more 
hours. Amines and phenols react very much more readily. Nitro com- 
pounds and aryl halides undergo mercuration with difficulty. 

Acids are usually mercurated by refluxing the sodium salt with aque- 
ous mercuric acetate solution until no ionic mercury remains in solution. 
When o-phthalic acid is used, one of the carboxyl groups is replaced. 


O 


|^C02H 


Hg 


fAco 


V 




o 


Mercuration, like nitration and sulfonation, may give mono-, di-, or 
polysubstituted derivatives. Monosubstituted aromatic compounds 
such as phenol and aniline yield ortho and para draivatives as would be 
expected. Substitution is abnormal, however, with compounds that 
have meio-directing groups. For example, nitrobenzene yields 52 per 
cent of the ortho, 38 per cent of the meta, and 9 per cent of the para de- 
rivative. 

The portion taken by the acetoxjunercuri group can be determined 
by treatment with halogens, which replace the group by halogen. 

ArHgOCOCHs + Xs — ► ArX -f HgXOCOCHs 
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Bromine, iodine, and iodine monochloride are used most often for this 
purpose. 

The interest in mercury compounds has centered around their use in 
medicine. Among the many compounds which have been developed 
may be mentioned the disinfectants, mercurochrome, mercurosal, and 
mercurophen. 


Os 

Br 


0 HgOH 
\/\0Na 



rA^cOaNa 


Mercurochrome 


OCHaCOaNa 

^COaNa 

HgOH 


ONa 

V 

HgOH 


Mercurosal 


Mercurophen 


PROBLEMS 

1. What reasons can you give for classifying quinones as aliphatic compounds? 
as aromatic compounds? 

2. What are vicinal trisubstituted benzene derivatives? 

3. Indicate a method of synthesis for prehnitene. 
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POLYNUCLEAR AROMATIC HYDROCARBONS 

Similarities rather than differences have been stressed in discussing 
properties common to aliphatic as well as aromatic compounds. Re- 
cent studies have done much to break down the line of demarcation 
which formerly separated these two classes of substances. It is becom- 
ing increasingly apparent that their differences are of degree rather than 
of type. Yet the benzenoid structure permits the formation of con- 
densed nuclei and offers certain other peculiarities which as yet have no 
close parallel in the aliphatic series. These appear in sharp relief in the 
polynuclear aromatic hydrocarbons and their derivatives. These are 
among the most useful and most interesting types of organic compounds, 
and include naphthalene, biphenyl, triphenylmethane, anthracene, 
phenanthrene, and numerous similar substances. 

Biphenyl. Biphenyl was made formerly by treating bromobenzene 
with sodium, but is now prepared on a commercial scale by bringing 
benzene into contact with a hot metal. 

2C6H6 CeHsCeHs + H 2 

metal 

This hydrocarbon is stable at its boiling point (254®) and is useful where 
a high-boiling liquid is required. 

Derivatives of biphenyl are named according to either of the two sys- 
tems shown in the following figure: 


6 ' 6 ' 66 



\m> O’/ \o rrij 

3' 2' 23 


Thus N02<^ ^N02 is called 4,4'- or p,p'-dinitrobiphenyl. 

The most useful derivative of biphenyl is benzidine, obtained by the 
rearrangement of hydrazobenzene, a reduction product of nitrobenzenes. 


Zn + NaOH 

2C6H6NO2 ► CeHsNHNHCeHs 



Benzidine 
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Benzidine is used in the preparation of certain dyes which are direct for 
cotton. These will be mentioned later. 

Many biphenyl derivatives are most conveniently made by means of 
Ullmann's method, which involves the treatment of halobenzenes with 
copper powder (p. 251). 

2N02<^3^I + 2Cu > 

The halogen atom must be active, and for this reason iodo compounds 
are commonly employed. 

Derivatives of biphenyl in which both rings are unsymmetrically sub- 
stituted and which contain groups in the ortho positions that prevent 
free rotation about the central linkage have been shown to possess opti- 
cal activity. An example is 6,6'-dinitro-2,2'-dicarboxybiphenyl. 


NO2 NO2 



p-Bromobiphenyl is made by treating benzene with p-bromobenzene- 
diazonium chloride in the presence of sodium hydroxide. 

Terphenyl. The best method of synthesis for terphenyl and its deriva- 
tives depends on a condensation reaction between an aromatic hydro- 
carbon or ether with an iV-nitrosoacetylarylamine. Benzene and the ni- 
troso derivative of 4-acetaminobiphenyl give terphenyl. 

NC0CH3 + / S - 
1^0 

<I><IK 

p-Terphenyl 

Tiiphenylmethane. This hydrocarbon is made by condensing benzene 
with chloroform. 

SCeHe + CHCI 3 (C 6 H 5 ) 3 CH + 3HC1 

A derivative of great interest is the free radical, triphenylmethyl. 
When triphenylmethyl chloride in benzene solution is treated with zinc, 
hexaphenylethane is formed; this extraordinary hydrocarbon dissodates 
to some extent into triphenylmethyl. 

2(C6H6)3CC1 + Zn — > (C6H6)3CC(C6H6)3 + ZnCU 

(C6H5)3CC(C6H6)3 t=; 2(C6H6)3C 



^ + N2 + CH3C02H 
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none is treated with hydrogen chloride and chromous chloride. Pre- 
sumably a biradical forms and rearranges to the cumulene. 

(C6H5)2C-CsC-CsG-C(C6H5)2 > [(C6H5)2C-C=C-C=C-C(C6H5)2] 

OH OH 

y (C6H6)2C=C=C=C=C=C(C6H6)2 


The cumulenes are more highly colored than conjugated polyenes 
[C6H5(CH=CH)„-C6H5]. 

Naphthalene. The most abundant constituent of coal tar is naphtha- 
lene. It contains two rings fused together, i.e., which have two carbon 
atoms in common. The evidence for this comes both from methods of 
synthesis and degradation products. The following synthesis is illus- 
trative. 
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That naphthalene contains two rings is demonstrated by the follow- 
ing degradations: 




r^^OaH 

^JkoaH 


This shows also that both rings are or may become true benzene rings, 
and leaves the question of the internal structure of naphthalene in much 
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the same state as that of benzene. The following formulas of jS-naph- 
thol illustrate the structures commonly used. 



(a) (6) (c) 


Recent evidence indicates that the Erlenmeyer structure b is the 
correct one and that a and c probably do not occur to an appreciable ex- 
tent. For example, the following types of compounds fail entirely to 
undergo coupling with diazonium salts — a fact which is interpreted to 
mean that there are only single bonds between carbon atoms 2 and 3 or 
6 and 7 (see p. 438 for the method of numbering) : 



The rearrangement of allyl ^naphthyl ether points to the same conclu- 
sion. The allyl group migrates to the a-position exclusively. Moreover, 
allyl /3-(a-allyl) naphthyl ether does not undergo rearrangement. 

CH 2 CHOH 2 



Stable 


Evidence in favor of the Erlenmeyer formula for naphthalene has been 
obtained by a study of bromonaphthylamines. In certain of these the 
bromine atoms are ''positive^' and can be removed by treatment with 
stannous chloride and hydrochloric acid. This property appears to be 
possessed by those compounds containing the grouping 

-C=C- or -C=CH-CH=0 - 
NH 2 ht NHa ir 
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In conformity with this it is found that l-bromo-2-naphthylainine and 
l-bromo-4-naphthylamine are debrominated, whereas 3-bromo-2-naph- 
thylamine is recovered unchanged. l,3-Dibromo-2-naphthylamine loses 
only the bromine atom in the 1 position (see p. 438 for the method of 
numbering). 


/v\ 


Br 


'NHo 


NH2 


Br 


l-Bromo-2-iiaphthylamiiie 4-Bromo-l-naphthylamine 


3-Bromo2-naphthylamine 



1 ,3-Dibromo-2-naphthylainine 


These results are in accord with predictions based on the principle of 
vinylogy. 

A neat proof of the equivalence of positions 1 and 5 is furnished by 
the demonstration that naphthalene-1, 5-disulfinylacetic acid can exist 
in meso and racemic forms. 


SOCH2CO2H 



HO2CCH2SO 


This could be possible only if the nucleus is S 3 rmmetrical, for the optical 
activity resides in the sulfur atoms. 

Naphthalene yields only two monosubstitution products — a fact 
which proves that the eight hydrogen atoms must be symmetrically lo- 
cated. These are known as the a and jS forms; a- and jS-naphthol are 
examples. 



OH 

o-Naphthol /}-Naphthol 


The orientation of naphthalene derivatives is indicated by one of Hie 
systems which follow: 
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The 4,5 (and 1,8) are often called the peri positions. 

These positions are joined with a two-carbon bridge in acenaphthene, 
a constituent of coal tar. 


H 2 C— CH 2 



Acenaphthene 


Substituents in the peri positions may react with each other much as do 
ortho substituents. Naphthalic acid, for example, forms a monomeric 
anhydride. 

/Ox 


HO 2 C CO 2 H 



-H20^ 


CO CO 

XA 

V\/ 


Naphthalic anhydride 


Ten disubstitution products are possible if the substituents are alike 
— ^fourteen if they are unlike. 

X XXX 







Naphthalene can be halogenated, nitrated, and sulfonated and under- 
goes the Friedel-Crafts reaction. In all cases o-substitution products 
result. The latter two reactions give |8-substitution products also. 

The sulfonation of naphthalene is reversible and gives rise to the a-iso- 
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mer at low temperatures (about 80°) and the ^ at higher temperatures 
(about 160®) (p. 42). The a-compound is transformed into the by 
heating in the presence of sulfuric acid. This is because it is hydrolyzed 
about fifty times as fast as the /3-acid. 

Hydrogenation of naphthalene gives the tetrar and decahydro derivar 
tives — generally called, respectively, tetralin and decalin. 


CHz 


CH2 

Tetralin 


CH2 


CHa CHa 
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CHa CH CHa 
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CHa CH CHa 

\ / \ / 

CHa CHa 

Decalin 


These compounds are used as solvents in paints, varnishes, and lacquers 
Decalin exists in cis and irans modifications. 

Naphthalene reacts with sodium to give a disodium derivative. Car- 
bonation yields a dicarboxylic acid. 


H\/Na 

\/\y 

H^Na 


Hx/COaH 

X/\ 

\A/ 

H^COaH 


Oxidation of a-naphthol with ferric chloride gives binaphthol. 


HO^ 



~\0H 

V 





4,4'-Bi-l-naphthol 


Chromic acid oxidizes naphthols to quinones. Three different naphtho- 
quinones are known. 


0 





/3-Naphthoquinone 


amphi^ 
Naphthoquinone 




The naphthoquinones are colored and like benzoquinones are easily re- 
duced to colorless dihydroxy derivatives. a-Naphthoquinone condenses 
with conjugated dienes to yield derivatives that are usually solid and 
therefore useful for purposes of identification. 
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yCBR 
H \CH 

II 

H yCH 

N:^hr 


The a-naphthoquinone nucleus occurs in vitamin Ki, the antihemor- 
rhagic factor, which has been shown to be 2 -methyl- 3 -phytyl-l, 4 -naph- 
thoquinone. 
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CHs CHs CH» CHs 

lcH 2 CH=CCH 2 CH 2 CHa 6 HCH 2 CH 2 CH 8 (bHCHjCH 2 CH 26 HCH 8 


Vitamin Ki 




In vitamin K therapy 2-methyH, 4 -naphthoquinone and certain of its 
simple derivatives have proved to be as effective as the vitamin itself. 
It may be that the phytyl group is supplied in the organism. 

The most important naphthalene derivatives are those used as dye in- 
termediates. Some of these are listed below. 


NaOaS' 



NH2 

1 ,4-Naphthylamine8ulfomc 
acid or naphthionic acid 



Sodium 2-naphthol-3,6- 
disulfonate or R salt 


OH NH2 


HOsSi 



O3H 


l-Amino-S-naphthol-Sjd-disulfonic 
acid or H add 

OH NH2 




KJ 
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SO3H 

l-Amino-8-iiaphthol-2,4-di8ulfonic 
acid or Chicago acid 
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Anthracene. Anthracene occurs to the extent of 0.2 to 0.4 per cent in 
coal tar. When isolated from this source it is always contaminated with 
carbazole and phenanthrene. 



Anthracene Carbazole Phenanthrene 

These impurities are very hard to remove and this fact has to some extent 
diminished the importance of coal tar anthracene as a source of anthra- 
cene derivatives. It has been found recently that dimethylacetamide is 
a good solvent for separating carbazole and anthracene. It dissolves the 
carbazole, presumably by hydrogen bonding. 

Anthracene contains three condensed rings as is shown by the follow- 
ing synthesis: 



CO2C2H6 
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This synthesis does not disclose the arrangement of the bonds. The 
structures usually written are given here. 



(a) ( 6 ) 


Formula b is made to appear plausible by the following synthesis: 



it should be noted, however, that aluminum chloride is very effective 
in breaking carbon-to-carbon linkages. The evidence shows a to be the 
correct structure. It is one of four possible resonance forms. The 
others are the following: 



Anthracene undergoes the Diels-Alder reaction and, therefore, must 
have a system of conjugated double bonds in the middle ring. 



The usual method of naming anthracene derivatives is based on the 
following number system: 



In general, naphthalene is less aromatic than benzene, and anthrar 
oene still less so than naphthalene. Reduction and oxidation of 
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anthracene to the dihydro derivative and the quinone, respectively, ^ 


place very readily. 


CH 2 

^ oxidation 

v\ /V 

CH2 



Bromine attacks the molecule at the 9 and 10 positions, forming an 
addition compound which is fairly stable but which loses hydrogen bro- 
mide when heated. 

H Br 

\/ 



Sulfuric acid sulfonates anthracene, usually yielding a disulfonic acid. 
At low temperatures this is the 1,8- and at higher temperatures the 2,7- 
acid. 

SO3H SO3H 

HOaS/^/V^OsH 



1,8-Anthracenedisul- 
fonic acid 


2,7-Anthracenedisulfonic 

acid 


Nitric acid acts not as a nitrating but as an oxidizing agent, giving 
anthraquinone. This compound is truly aromatic and is the mother 
substance of the more important anthracene derivatives. 


Anthraquinone and many of its derivatives are made by the follow- 
ing type of synthesis which involves not anthracene but benzene and 
naphthalene. 
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lenanfhrene. Phenanthrene is an isomer of anthracjene and occurs 
it in coal tar. It has attracted increased attention recently be- 
) of the discovery that its skeletal structure occurs in a wide variety 
,tural substances. The significance of this is made apparent by a 
ie at the impressive array of t3rpes of compounds which have this 
jtural unit in common. Examples are found among morphine alka- 
Sf resin acids,* carcinogenic hydrocarbons, sterols, bile acids, sex hor- 
xones, heart poisons, and saponins. The following compounds are il- 
lustrative. 



Morphine Abietic acid 



Methylcholanthrene Testosterone 

The fact that phenanthrene has three six-membered rings arranged as 
shown in the formula was proved by the following degradation to bi- 



isoprene rule. 
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The nomenclature of phenanthrene derivatives is based on the fol- 
lowing system: 

9 10 

6 5 4 3 


The foregoing arrangement of the bonds is in accord with the Fries rule, 
which states that each ring of a polynuclear aromatic compound strives 
to assume the bond structure which most nearly approaches the condi- 
tion of an isolated benzene ring. This formula is, in fact, considered to 
be the most probable one. 

Phenanthrene is more reactive than naphthalene and less reactive 
than anthracene. It undergoes all the usual reactions of aromatic hydro- 
carbons such as sulfonation, nitration, and the Friedel-Crafts reaction. 

Other Condensed Polynuclear Aromatic Hydrocarbons, Many other 
hydrocarbons of this group are known, and there seems to be no limit 
to the number of benzenoid rings which may be condensed into a mole- 
cule. Striking illustratic as are given below. 


/v\ 

Pyrene 



Oy^ 

kA) 


Pyrene occurs in coal tar. Oxidation converts it to the quinone shown 
above. 

One of the most interesting of the more complex aromatic hydrocar- 
bons is hexabenzobenzene or coronene; it has recently been synthesized 
by the following transformations: 
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The positions of the double bonds in highly t*ondensed aromatic com- 
pounds such as the foregoing are not known with certainty. The most 
probable arrangement of the bonds is thought to be that which affords 
the maximum number of truly benzenoid rings. 

The Scholl reaction. Certain aromatic ketones may undergo intra- 
molecular dehydrogenation under the influence of aluminum chloride. 
This is the Scholl reaction; it has proved of great value in the synthesis 
of polynuclear compounds. An example is the conversion of a-benzoyl- 
naphthalene to benzanthrone. 



Benzanthrone 


2,3,6, 7-Dibenzantbracene is blue and exceedingly reactive. 

2.3,6, T-Dibenzanthracene 
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CHAPTER XXXIII 


AROMATIC HETEROCYCLIC COMPOUNDS 

Cyclic compounds in which not all the atoms forming the ring are 
alike ar%^nown as heterocyclic compounds. Many of these rings are 
easily opened and for this reason are classified as aliphatic. Others are 
very stable and possess many of the properties of the aromatic hydro- 
carbons. This chapter will deal with this group. 

The most important types of heterocyclic compounds are listed below. 


CH CH 

CH -CH 

CH CH 

II II 

>1 11 

II II 

CH CH 

CH CH 

CH CH 

\ / 

\/ 

\ / 

0 

S 

N 

Furan 

Thiophene 

1 

H 

Pyrrole 

0 

6 


CH 

/ \ 


/ \ 

CH CH 


CH CH 

II II 


II 1 

CH CH 


CH CH 

\ / 


\ / 

0 


N 

7 -pyrone 


Pyridine 


All these substances, except 7-pyrone, undergo reactions typical of 
aromatic hydrocarbons. They differ in the degree of reactivity which 
they possess. Some, for example, couple with diazonium salts whereas 
others fail to do so. 

It is easy to understand why p3rridine and its derivatives are aro- 
matic since they possess a hexatriene ring system similar to that in benr 
zene. The aronoatidty of furan, thiophene, and pyrrole is ascribed to 
resonance. 

Furan. Furan is relatively rare but several of its derivatives are widely 
used. Furfural is the most important of these. It is now manufactured 
on a large scale from oat hulls (p. 293) and is used extensively as an 
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extraction liquid in petroleum refining. It is very much like benzalde- 
hyde in its reactions. For example, it undergoes the benzoin condensar 
tion to give furoin. 


CH CH kcn CH CH CH CH 

li II II II II II 

CH CCHO CH C-CHCO-C CH 

\ / \ / (J)jj \ / 

O 0 0 

Furfural Furoin 


Similarly, the Cannizzaro reaction converts it into 2-furfuryl alcohol 
and 2-furoic acid (the usual method of naming heterocyclic compounds 
is by reference to number systems in which the hetero atom is num- 
bered 1). 


CH CH 

2 II II +H 2 O 
CH CCHO 

\ / 

0 


CH CH 


CH CH 


+ 


CH CCH 2 OH CH CCO 2 H 

\ / \ / 

0 0 

2-Furfuryl alcohol 2-Furoic acid 


Furan and its derivatives undergo nuclear substitution. 

An interesting and useful transformation of furfural is its conversion 
to fumaric acid by oxidation with sodium chlorate. 


CH— 

0 

1 

II 

II 

CH 

C-CHO 


\ / 


0 


NaClO* HO 2 CCH 

> II 

HCCO 2 H 


Fumaric acid 


'^The presence of a diene system in the furan molecule is indicated by 
'the fact that it undergoes a typical diene condensation with nuileic an- 
hydride. 

CH CH 



CH-CO 



CH 

II 

CH 

\ 


\ 

CH-CO 



!H 


Coumarone or benzofuran is found in coal tar along with indene, which 
it resembles in some respects. Although fairly stable to alkalies and 
ammonia, coumarone is resinified by sulfuric acid. Valuable commercial 
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re»ns are obtained by polymerizing the crude mixture of coumarone and 
indene. * * 


Coumarone 



Thiophene. If close similarity to benzene is taken as a criterion of 
aromaticity, thiophene is very aromatic indeed. For although benzene 
from coal tar contains about 0.5 per cent of thiophene this contaminant 
passed unnoticed for nearly sixty years after benzene became known. 
Indeed up to the year 1883 the indophenin test was used to detect ben- 
zene — a test which is not given by benzene at all but by thiophene. 
Victor Meyer, in a popular lecture on benzene, prepared the hydro- 
carbon by decarboxylation of benzoic acid. To prove the identity of 
the product he used the test — isatin and sulfuric acid — but to his sur- 
prise the expected blue color was not observed. Subsequent work dis- 
closed the presence of thiophene in coal tar benzene and showed that it 
was responsible for the color test so long incorrectly ascribed to benzene. 

Thiophene is prepared by treating sodium succinate with phosphorus 
trisulfide. 


CH2C02Na 

CH2C02Na 


P2S3 ^ 


CH=CH 

CH=CH 


It readily undergoes nitration and sulfonation. In fact, sulfonation 
takes place more rapidly than with benzene — a fact which is used in 
freeing benzene from thiophene. This process consists in shaking the 
impure benzene with sulfuric acid. 

A good yield of 2-acetothienone is obtained by treating thiophene with 
acetyl chloride in the presence of stannic chloride. 


CH — CH 


A 


H CH 

\/ 

S 


+ CH3COCI 


SnCU 


CH — CH 

♦ II II +HC1 
CH CCOCH3 

\/ 

S 


Methylthiophenes, like toluene, can be oxidized to the corresponding 
carboxylic acids. The nucleus is not attacked. 

Pyrrole. Pyrrole occurs in coal tar and bone oil and can be made by 
distilling succinimide with zinc dust. 

CH2-CO CH=CH 

I >NH ¥ 1 >NH 

CH2-CO CH=CH 
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Pyrrole boils at 129°, is sparingly soluble in water and has very weakly 
basic properties. The latter characteristic is interesting when contrasted 
with the strongly basic character of pyrrolidine, the reduction product 
of pjTTole. 


CH CH CH2 — CH2 

II II II 

CH CH CH2 CH2 


/ 

NH 


\ 

NH 


P3rrrole 


Pyrrolidine 


Interesting also is the fact that pyrrolidine is water-soluble whereas pyrr- 
role is not. Pyrrole imparts a red color to pine wood shavings in the 
presence of hydrochloric acid. This serves as a test for its presence. 

Pyrrole is the principal building block in the construction of certain 
pigments such as hemoglobin of the blood and chlorophyll of plants. 

Among the many pyrrolidine derivatives found in nature is proline or 
2-p3Trolidinecarboxylic acid. 


CH2 — CH2 

I I 

CH2 CHCO2H 


\ / 

NH 


It is a product of hydrolysis of most proteins. 

Dimethylpyrrole is formed from acetonylacetone and ammonia. 


CHs 

CH2-(bo 


k 


IH2-CO 

(^Ha 


CHs 

CH=(bs 
1 OH 
CH=C-OH 

CHs 


CH3 

NH3 CH=(bs 

I NH 
CH=C/ 

(1)H3 


This synthesis, due to Knorr, is general for 7-diketones. A more useful 
method likewise due to Knorr involves the condensation of an amino 
ketone with a ketone or 1,3-diketone. The amino ketone is made by 
reducing the corresponding oxime and is used without being isolated. 
An example is the following: 


ECO HONO^ ECO 

EO2C6H2 ^ eo2C(!;=noh 


ECO 

EO2C6HNH2 


H2CCOE 

“*■ o 6 e 


EC- 


EO2CC CE 


CCOB 



PYRROLE 


453 


Pyrrole appears to contain a typical butadiene system, but unlike 
furan it does not undergo the diene reaction with maleic anhydride. 
The reaction is one of simple addition. 

CH CH CH-CO CH CH 

II II + II >0 ► II II 

CH CH CH-CO CH C-CH-CO 

\ / \ / I X> 

N N CH 2 CO 

-k H 

In acid solution pyrrole seems to lose its aromatic character and 
undergoes polymerization in much the same manner as does cyclo- 
pentadiene. 

Pyrrole couples with diazonium salts to give azo compounds. 

CH CH CH CH 

II II + C6H5N2C1 — ^11 II + Ha 

CH CH CH CN=NC6H6 

\ / \ / 

NH NH 


Indole is benzopyrrole and is the parent substance of indigo. Indigo 
occurs in the plant as the glucoside of indoxyl. Air oxidation of indoxyl 
gives indigo. 



/\ 


V\n/ 


-CO 

6h2 


I 

H 

Indoxyl 



3-Indoleacetic acid has been shown to possess the properties of aunns 
and is known as heteroauxin. Auxins regulate the growth of plants and 
determine their behavior with respect to growing away from the ground 
and toward the light. 



CCH 2 CO 2 H 

(5h 


S-lndoleacetio add 
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■Y-Pyrones. 7-Pyrone can be made from acetone and ethyl oxalate. 

CO 

/ \ 

CH2 CH2 

CH3COCH3 + 2CO2C2H5 CjHeONa I 




O2C2H5 


-4 CO 


CO 

I 

02C2H6 C02C2H6 


+ 2C2H60H 


\ 


CO 

/ \ 

CH CH 


CO 

/ \ 

CH CH 


CO 

/ \ 

CH CH 


CH CH 

\ / 

O 

7-Pyrone 


HO2CC CCO2H 

\ / 

0 

Chelidonic acid 


C2H5O2CC CCO2C2H5 

\ / 

0 


If ethyl acetoacetate and phosgene are used, 2,6-dimethyl-7-pyrone 
results. 

The most remarkable property of the 7-pyrones is the ability to form 
oxonium salts with acids.* The exact structure of these salts has not 
been established. 

Pyrylium Salts. These salts occur in nature and are responsible for 
the colors of certain flowers. The colored materials are known as antho- 
cyanidins and in the plant are combined with one or more molecules of 
sugar. An example is cyanin which is responsible for the red color of 
roses and the blue color of the corn flower. 


O Cl- OH 
HO \c-<^^^H 

./^OCeHxiOs 



NaOH^ HO| 


HCl 


CeHxiOs* 



Cyanin 


ONa 



CH 

(blue) 


* It must not be thought that the formation of oxonium compounds is rare in 
organic chemistry. However, only in isolated cases have they proved to be stable 
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The color is a function of pH; this explains why the same pigment ^ves 
a blue color to one flower and a red color to another. 

A simple pyrylium salt may be prepared from dimethylpyrone by the 
following reactions: 


O 

II 

C 

/ \ 

CH CH 

II II 

CHaC CCHa 

V 


+ CHsMgl 


CHas /OMgl 
C 

/ \ 

CH CH HCl 

CHaC CCHa 

\ / 

O 


CHa OH 

\ / 

C 

/ \ 

CH CH 




CHaC CCHa 

V 


HCl^ Pyrylium 
> salt 


Pyridine. Pyridine is an unpleasant-smelling liquid, boiling point 
116°, found in coal tar. It is a weak base and is soluble in water. Its 
outstanding property is its inertness. Strong oxidizing agents such as 
chromic oxide do not attack it and it is brominated, nitrated, or sulfo- 
nated only with great difficulty. The relative ease with which rings are 
alkylated and acylated by the Friedel-Crafts method places them in the 
following order of decreasing reactivity : pyrrole, furan, thiophene, anthrar 
cene, naphthalene, benzene, cyclohexene, cyclohexane, and pyridine. 

Pyridine has been compared with nitrobenzene because it undergoes 
substitution with about the same order of difficulty. For example, 
neither will undergo the Friedel-Crafts condensation. The comparison 
can be carried further for in a- and 7 -chloropyridines as in 0 - or p-chlo- 
ronitrobenzene the halogen atom is reactive. For example, it can be 
replaced by a phenylamino group by treatment of the chlorop 3 nidine 
with aniline. Similarly a- and 7 -picolines, like 0 - and p-nitrotoluenes, 
have active methyl groups. 

under ordinary conditions. It is highly probable that oxonlum salt formation is in^ 
volved in the conversion of alcohols to alkyl halides by the action of hydrogen halides. 

ROH + HX — y [ROHd+X- — ► RX -h HjO 

These oxonium salts frequently have been isolated; those from highly branched alco 
hols such as diisopropylcarbinol seem to be most stable. 
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Hydrogenation transforms pyridine to piperidine. 


CH 

/ \ 

Cp CH 3H, 

11 I — 

CH CH 

\ / 

N 


CH2 

/ \ 
CH2 CH2 

I I 

CH2 CH2 

V 

I 

H 


Vitamin Be or pyridoxine is the factor of vitamin B which prevents or 
cures a type of dermatitis produced in young rats by a diet in which the 
only vitamin B components present are purified thiamin and riboflavin. 
It has been shown to be a derivative of pyridine having the following 
formula: 


CH2OH 



Vitamin Be 


Nitration of pyridine can be effected only at high temperatures; 
S-nitropjnridine is formed. Amino pyridines are prepared by the action 
of ammonia on a- and 7-chloropyridines. All three aminopyridines have 
been made by the Hofmann hypobromite degradation of the correspond- 
ing amides. a-Aminopyridine is conveniently prepared by the action of 
sodium amide on pyridine. 


A 

V 


NaNHs 


/X 


^ H2 + 


H2O 


/\ 




+ NaOH 


The a- and Y-aminopyridines differ from the /5-isomer in that they can 
be diazotized only with difficulty. The diazonium salts cannot be iso- 
lated. In water they decompose to give the corresponding hydroxy- 
pjrridines. 

Picolines are methylpyridines. Oxidation converts them to the coiv 
responding carboxylic acids — picolinic, nicotinic, and isonicotinic adida 



PiooUnic add 


P^02H 

V 


Nicotmic add 


CO2H 

A 

V 

Xsonioatinic aoui 
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Nicotinic acid is one of the vitamins of the B group. It is the pellagra- 
preventive factor and is found in liver, muscle meats, fish, milk, green 
vegetables, and yeast. 

Lutidines are dimethylpyridines and collidines are trimethylpyridines. 
Although p 5 rridine is water-soluble and very hygroscopic, its homologs 
become increasingly less soluble with increase in molecular weight. 
Many of them are more soluble in cold than in hot water — a typical 
property of tertiary amines. The most striking example is nicotine. 
Below 60° and above 210° it is soluble in water in all proportions, but 
between these temperatures it is only partly miscible. 

CHa 

a,7-Lutidine 

Quinoline is benzopyridine. It occurs in coal tar and bone oil. It is 
most conveniently made by the Skraup synthesis, which involves the 
condensation of aniline with glycerol in the presence of sulfuric acid and 
nitrobenzene. In all probability the mechanism is the following: 


CHs 

/\ 




Collidine 


CH2 — CH2 
/^CH CH2 

I \ / 

V ? 

CHs 

Nicotine 


CH 2 OH 
I H.SO4 

CHOH - 
IH2OH 


i: 


CHspCH-CHO 


+ CH2=CH-00 
•NH 2 g 




The great stability of the pyridine ring to oxidizing agents is shown by 
the fact that oxidation of quinoline destroys the benzene ring preferen- 
tially, yielding quinolinic acid. 



a OsH 

* 


IO 2 H 


Qumolinio acid 
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Quinaldine is made by heating aniline with acetaldehyde in the form 
of paraldehyde. The mechanism is probably amilar to that proposed 
for the Skraup s3mthesis. 


CH3CHO+ CH3CHO — » CH3CH=CHCH0 


CH3CH=CH-C=0 + 
H 


iiNHa 



8-Hydroxyquinoline, known as “oxine,” is used in the separation of 
certain metals with which it forms insoluble chelate derivatives. Chief 
of these are aluminum, magnesium, and zinc. The zinc compound, for 
example, has the following structure: 




Many quinoline derivatives possess marked physiological activity 
and certain of them are important drugs. The alkaloid, quinine, 
belongs to this group. It is used in the treatment of malaria. 


CH 



There are two functional phases of the malarial parasite, the schizonts 
(which cause the fever) and the sexual forms or gametocytes (which 
spread the disease). Quinine is effective only against the former. 

Intensive research has developed useful synthetic anti-malarials of 
which plasmochin and atebrin are the most important. Plasmochin is 
a auinoline derivative with a complex side chain. 
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NHCHCH2CH2CH2N 


/C2H5 


CHa 

Plasmochin 


^C2H6 


It is the only drug that attacks gametocytes and is used along with 
quinine to prevent spread of the disease. Atebrin is a schizonticidal 
drug. It is derived from acridine, a benzolog of quinoline. 



NHCHCH2CH2CH2N 

^ A ^ 

CH3O/ Y 


Acridine 




Atebrin 


Isoquinoline is isomeric with quinoline and occurs in coal tar. 

00 

Isoquinoline 


Side-Chain Activation in the Iodine Series and in Related Com- 
pounds. It was observed long ago that certain methylpyridines were 
capable of undergoing the reactions of compounds containing active 
methyl groups. For example, a- and 7-picolines react with benzalde- 
hyde to give benzal derivatives. The jS-isomer will not do this. 




+ CeHsCHO 


(/V 

JcH=CHC6H6 + H2O 


CHa 

A 

V 

AcHa 

V 


-f- CeHsCHO 

+ CoHsCHO 


CH=CHC6H5 

A 

I +H20 

V 


no reaction 
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Evidently the >C=N- grouping activates the methyl group attached 
to it as in a-picoline, i.e., the group CH 3 C=N- has essentially the prop- 
erties of the corresponding methyl ketone, CH 3 C= 0 . By reference to 

the principle of vinylogy it is clear that the 7 - but not the j 8 -isomer would 
share this property. 

Similar reasoning shows why 1 -methylisoquinoline has an active 
methyl group whereas the 3 -isomer has not. Also 2-methyl-4-phenyl- 
thiazole has an active methyl group whereas its isomer, 2-phenyl-4- 
methylthiazole, does not. 



CH3 

1-Methylisoquinoline 



3-Metliylisoquinolme 


CH S 

li I 

CeHsC CCH3 

\ / 

N 

2-Methyl-4-phenylthiazole 


CH S 

II I 

CH3C CCeHs 

\ / 


N 


2-Phenyl-4-methylthiazole 


Alkaloids. Alkaloids are naturally occurring basic organic nitrogen 
compounds. The term is generally limited to include only those of 
plant origin. Alkaloids are usually optically active and have marked 
physiological activity. With few exceptions they contain at least one 
nitrogen atom linked in a cyclic structure. These substances are found 
almost exclusively in seed-bearing plants, chiefly in dicotyledons. The 
view is commonly held that they are by-products of plant metabolism. 

It is an interesting fact that in alkaloids wluch have an alkyl group 
attached to a nitrogen or oxygen atom this group is nearly always 
methyl. This has been interpreted as support for the theory that 
formaldehyde is involved in plant synthesis. Pyridine, pyrrole, quino- 
line, and isoquinoline rings are of frequent occurrence, generally in 
reduced form. 

For the determination of structure of alkaloids several general pro- 
cedures are available. Methoxyl groups are determined by Zeisel’s 
method. Methyl groups on nitrogen are split off by heating the alkar 
loid hydroiodide at 20(^300®. It is a general rule tW thermal decomr 
position of quaternary ammonium halides gives a methyl halide if a 
methyl group is attached to the nitrogen atom. 
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The Degradation of Nitrogen Bases. Hofmann’s celebrated method 
has already been mentioned. However, no discussion of alkaloids is 
complete without reference to this powerful tool. Primary amines react 
with methyl hahdes to give secondary amines which in turn yield ter- 
tiary amines, and these by addition give quaternary ammonium halides. 
This is properly known as “exhaustive methylation.” The bases cor- 
responding to the quaternary ammonium salts generally decompose 
when heated and give a tertiary amine and an olefin. The ethyl radical 
is the one which is most easily split off. 

An interesting application of Hofmann’s method is found in the trans- 
formation of piperidine into iV,a-dimethylpyrrolidine. 


CH2 

/ \ 

CH2 CH2 CH3I 


CH2 NH 


CH2 

/ \ 

CH2 CH2 




H 2 N(CH3)2 

L ^CHa 

distil 


OH 


^distS 


CH3' 


CH2— CH2 

inci i: 


HCl 


CH2CH2 

CH '^CHa 


H2 

I N(CH3)2 

— CHa' 
CH3CH ina 

V 

(CH3)2 J 


CHa 


NCCHsla 


CHa 


Cl 


CHa — CHa 


CH3CH 

V 


A: 


Ha 


+ CH3CI 


CHa 


Here again use is made of the fact that the methyl group can be elimi- 
nated preferentially by thermal decomposition of the quaternary am- 
monium halide containing it. 

P3rrrolidine itself yields butadiene when subjected to exhaustive 
methylation. 



462 


AROMATIC HETEROCYCLIC COMPOUNDS 


CH2 CH2 

I I 

CH2 CH2 

V 


CH3I, 

AgsO 


■CH2-CH=CH2' 

CH2 

N(CH3)3 


OH 4 


I 


distil 


■CH2 

i: 


-GHz' 


Hz GHz 

\ / 

N 

/ \ 

GH3 GH3 


OH 


i' 


distil 


CH3I 1 


GH2 -GH=GHz 


Ag20 


GH2 

N(GH3 )z 


GH2=GH-GH=GH2 + (GH3)3N + H2O 


The Hofmann degradation fails with unhydrogenated psnidine, quino- 
line, and isoquinoline rings and with hydrogenated quinolines. Useful 
modifications due to Emde involve reduction of the quaternary ammo- 
nium halide with sodium amalgam or hydrogen and a catalyst. An 
example follows. 


GHz 

/V "^Hz 
I I /CH3 


G1 


GH 

Hofmann 


Emde 


\/\ / 

GHz 


N(GH3)2 


Emde 
but not 


^GH=GH2 
^^HzNCGHzlsGl 



/GH=GH2 


GHs 


The failure of exhaustive methylation when applied to heterocyclic 
bases such as p 3 rridine is due to the rearrangement of the quaternary 
hydroxides. 

Oxidation is a useful tool also. The following transformations of 
tropine (from atropine) illustrate its value. Gentle oxidation gives 
tropinone. The latter yields a dibenzal derivative and must have two 
GHz groups adjacent to the ketone group. Vigorous oxidation converts 
tropinone to tropinic acid, which can be converted to pimelic acid. 
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CH2— CH CH2 CH2— CH CH2 

NCH3 CHOH ► NCHa 60 

CH2-6H— CH2 CH2-CH CH2 

Tropine Tropinone 


CH2— CH CH2 


NCHs 
6H2— CH — 


6O2H 


Hofmann 


Tropinic acid 


nri TJ method 
“OU 2 il and hydrogenation 


/CO2H 

(CH2)5 

'^C02H 

Pimelic acid 


PROBLEMS 

1. Indicate a method of converting furfural to furil. What would happen if 
furil were heated with a strong alkali? 

2. Compare the chemical properties of pyridine with those of nitrobenzene. 

3. Apply the Hofmann degradation method to the following bases: 


CH 2 


/ \ 

CH 2 CH 2 

I I 

CH 2 CHCH 2 CH 2 CH 8 

\ / 


N 

H 


CHs 

CH8CH2-N-CH2CH(CH3)2 
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SYNTHETIC DYES FROM COAL TAR 

Histoiy. A dye is a colored substance which can be made to adhere to 
fabrics such as cotton, silk, or linen. The use of dyestuffs to impart 
color to fabrics was practiced by the ancients and was known to the most 
primitive peoples. Nearly all the early dyes were of vegetable origin, 
indigo and alizarin being the best-known examples. 

Alizarin was obtained from the madder plant and used to produce 
Turkey red. Indigo hkewise came from a plant, and up to the latter 
part of the nineteenth century large areas of land were devoted to the 
production of these plants. 

Nearly all dyes now in use are derivatives of benzene and other coal 
tar products — hence coal tar dyes — and it is not surprising that very 
little was known about them up to 1865, the date of Kekul^’s announce- 
ment of the structure of benzene. As a matter of fact the first s 3 Tithctic 
dye was made nine years before by Perkin who was trying to convert 
aniline — then of unknown constitution — to quinine by oxidation. He 
obtained a substance whose beautiful violet solution dyed silk and wool. 
It was named mauve and proved later to be a triphenylmethane deriva- 
tive. 

This dye and similar ones were put on the market almost immed- 
iately, and from that time forward synthetic dyes rapidly crowded the 
natural dyestuffs from the market. Graebe and Liebermann worked 
out the structure of alizarin in 1868, and within a few years the syn- 
thetic dye displaced that obtained from the madder. Similarly in 1882 
Baeyer elucidated the structiure of indigo and in the course of time syn- 
thetic indigo replaced the natural form. 

The famous Tsrrian purple prized by the Ropians 2000 years ago was 
obtained from certain shell fish in the Mediterranean Sea. It has 
recently been shown to be a dibromo derivative of indigo and is not now 
manufactured because similar shades can be produced by other dyes 
which are manufactured more cheaply. 

Color and Chemical Constitution. AU organic compounds absorb 
light but the absorbed light usually lies beyond the visible portion of the 
spectrum. Hence we say the compounds are colorless. Expaience has 
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shown that unsaturated compounds are more likely to be colored than 
saturated compounds. Certain unsaturated groups are definitely asso- 
ciated with color and are known as chromophoric groups or chromophores. 
The following are the most important of these: 


-N=N- 



\A 


Azo group 


p-Quinoid linkage o-Quinoid linkage 


~c=o 

-c=o 

a-Diketone 


c=oc=o 


I I I 

a,j3-Unsaturated 
ketone group 


-NO2 

Nitro group 


-N-0 

Nitroso group 


The presence of one or more aryl groups attached to the chromophore is 
usually necessary. 

A substance containing a chromophore is a chromogen. However, in 
order to be a dye a chromogen must contain a second group — ^known as 
an auxochrome group — which renders the color more intense and gives 
the chromogen an acidic or basic character so that it will adhere to the 
fabric. The most effective auxochrome groups are -OH, -NH2, -NHR, 
-NR2, and -CO2H. The sulfonic acid group is of value not only as an 
auxochrome group but also is often used to render the dye water-soluble. 

The Classification of Dyes According to Use. Dyes are classified not 
only according to their structures but also after the manner in which 
they are used. On the latter basis they are classed as direct dyes, mor- 
dant dyes, ingrain or developed dyes, vat dyes, and sulfur dyes. 

A direct dye is dissolved in water as its sodium salt if acidic and as its 
hydrochloride if basic. The fabric is then dyed by immersion in the hot 
aqueous solution. Cotton fabrics are more diflBcult to dye in this man- 
ner than are textiles derived from animal fibers. Most direct dyes are 
used only with animal fibers. 

Since proteins are amphoteric it is presumed that they tend to hold 
acidic and basic dyes through salt formation. However, this theory 
leaves much to be desired and cannot be applied to cotton dyeing. 

Direct dyes for cotton — called substantive dyes — nearly always have 
two azo groups. An example is Congo red, to be described later. 

Mordant dyes require the use of mordants such as the hydroxides or 
basic salts of alu min u m , iron, or chromium. The fabric is first impreg- 
nated with the mordant and then dipped in a solution of the dye. The 
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mordant is generally put on the fabric in the form of the water-soluble 
acetate or formate and then subjected to treatment with steam. This 
hydrolyzes the salt to the metal hydroxide. When certain dyes are pre- 
cipitated by such mordants an insoluble, colored substance results to 
which the name lake has been given. The use of a mordant dye involves 
the formation of such a lake in the fibers of the cloth. The function of 
the mordant will be discussed more fully in the sequel. 

3* Ingrain or developed dyes. These dyes are insoluble and are produced 
in the cloth by the interaction of suitable substances. Thus if a cloth is 
dipped successively in a solution of a naphthol and a diazonium solution 
an azo dye is formed. 

Vat dyes such as indigo are insoluble but can be reduced to a soluble 
form by the action of sodium hydrosulfite (Na 2 S 204 ). The soluble form 
is placed on the cloth and subsequently reoxidized to the insoluble dye. 
5*- Sulfur dyes are produced by heating phenols or anilines with sulfur or 
a metal polysulfide. They are reduced by sodium sulfite. The fabric, 
after being immersed in the resulting solution, is exposed to air which 
slowly reoxidizes the dye to the colored form. This process is essentially 
that used with vat dyes. 

The Classification of Dyes According to Structure. A clearer idea of 
the great variety of dyes may be obtained by considering typical ex- 
amples from the standpoint of structure. A few of these are listed here 
according to structural types. 

1. Nitroso, The nitroso group imparts a green color to the molecule 
even in the aliphatic series. An example of a nitroso dye is gambine. 


N=0 




Gambine 


NOH 



Mordanted with ferric chloride it dyes cotton a fast green. The function 
of the mordant is probably to form an insoluble chelate derivative. 
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2. Nitro. Picric add illustrates this type. It dyes silk and wool 
yellow but the color is fugitive. 

NO 2 NO 2 



OH OH 

Picric acid Naphthol yellow Naphthol yeflow S 


Naphthol yellow and naphthol yellow S are similar in type. 

Z. Azo dyes. These dyes are made by coupling a diazonium salt with 
an amine or phenol. An example is Congo red, which is derived from 
benzidine and naphthionic acid. 


NH 2 NH 2 



Congo red 


This dye is direct to cotton. However, it turns blue when treated with 
a strong acid and for this reason is not a satisfactory dye. 

Orange II is obtained from sulfanilic acid and /3-naphthol. 



Orange II 

Methyl orange is really not a dye but an indicator. Its color change is 
interesting since it involves a change of chromophore. The yellow form 
owes its color to the azo group, the red to the paraquinoid group. 

OH-'j |^H+ 

(CH3)2N=<f^^N-NH^^^3^Q8H red 

Para red is a good example of a developed dye. The cloth is passed 
successively through solutions of /3-naphthol, diazotized p-nitroaniline, 
and sodium acetate. The sodium acetate lowers the pH so that coupling 
will take place. 
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Alizarin is used with a mordant; usually salts of iron, chromium, tin, or 
aluminum are employed. The latter gives Turkey red, much used for 
dyeing cotton. In this connection it is significant that all anthraquinone 
dyes which can be mordanted have a hydroxyl group in position 1. This 
is taken to mean that the mordant functions by chelate ring formation. 



The formula for Turkey red involves three molecules of alizarin. 



However, the more important anthraquinone dyes are vat dyes. 
This type is illustrated by algol yellow W.G. 
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6. The indigoids. The indigoids are vat dyes. Indigo itself is the 
most important example. In fact it is still one of the most widely used 
dyes. It is a derivative of indole. This compound has been synthesized 
in many ways; the synthesis of Stephen follows. 


(drfSU 


fj^CH2CH=NH 

^NH2 

CH 




Indole occurs in coal tar, jasmine, orange blossoms, and feces. Its 
homolog, jS-methylindole or skatole, is largely responsible for the fecal 
odor. Curiously enough a-methylindole has a pleasant fruity odor. 
The origin of indole and skatole in feces is apparently due to decompo- 
sition of tryptophan. 

CH 2 CHCO 2 H 
NH 2 

N 

I 

H 

Tryptophan 



As noted earlier 3-indole acetic acid is heteroauxin and is a growth 
hormone of plants. 

In nature indigo occurs as indican, the glucoside of indoxyl or 
/S-hydroxyindole. Indoxyl has the remarkable property of being oxidized 
to indigo by the air. The older commercial synthesis of indigo follows. 
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A simpler and now more important synthesis is the following. 


0 


NH 


NHCH2CO2H NaNH, 


V 



-h 


O 


Indigo 


The chromophore of indigo is 0=C-C=O-C=0. Reduction with 
sodium hydrosulfite converts the dye to a colorless alkali-soluble form 
known as indigo white. Oxidation by the air converts indigo white to 
indigo. 


.NH 


/V" \ / 

C-C 


OH 


\r\c^ 




OH 

Indigo white 


o 



Indigo 


X-ray studies show that indigo has a center of symmetry and hence 
must be the trans form. The cis modification is not known. The sta- 
bility of the trans form is probably due to hydrogen bonding. 

The structure of indigo which Bacyer established in 1882 is strongly 
supported by the behavior of analogously constituted substances; an 
example is indanthrene blue R. In both this dye and indigo the chro- 
mophore group, 0==C-CMI!-O=0, is joined to a benzene ring which holds 
an imino group. 



O 

6 A 


h 

Indanthrene blue B 


O 
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6. Triphenylmethane dyes. These dyes have the type of structure 
illustrated by the following; the chromophore group is the quinoid 
nucleus. 



Pararosaniline Aurine 


From Michler’s ketone and dimethylaniline is obtained hexamethyl- 
pararosaniline or crystal violet. The substitution of methyl groups for 
the six amino hydrogen atoms in pararosaniline changes the shade from 
red to violet. Resonance would permit each ring in turn to assume the 
quinoid form and is supposed to enhance the color. 


>N(CH3)2 Cl- 

^N(CH3)2 

^N(CH3)2 

Crystal violet 



7. Pyronine dyes. From phthalic anhydride are obtained fluorescein, 
eosin, and similarly constituted dyes. These are known as pyronine 
dyes. 



CO 

Fluorescein 


Br 0 Br 

HOrA/ VN)H 



Eosin is used in red inks. The colored form of a pyronine dye is illus- 
trated by the formula of mercurochrome (p. 431), which is a disinfectant 
belonging to this group. 

Although not a true psTOnine dye, phenolphthalein is very closely 
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related to this group. The color changes of phenolphthalein are ex- 
plained as indicated below. 

OH OH ONa OH 



A/ A/ N 


O 


c 

II 

o 

Colorless 


ONa ONa 

/\ /\ 


OH 

’\ 

C02Na 

Unstable 

0 


V 


V 


NaOH 

HCl' 


ONa 

/\ . 




\ / 

C 

/V \ 

I OH 

V\ 

C02Na 

Colorles.s 


c 


X 


fA^ 

\/^\ 


COzNa 

Red 


8. Cyanine dyes. Recently attention has been focused on the cyanine 
dyes because they are capable of functioning as photographic sensitizers. 
Ordinary silver halide photographic plates are sensitive only to the 
violet and blue regions of the spectrum, but by adding suitable cyanine 
dyes to the liquid emulsion the plates may be rendered remarkably sensi- 
tive to green, yellow, orange, and red. 

The essential structural feature of these dyes is formed by two nitro- 
gen atoms — one trivalent and the other tetravalent — joined together by 
a conjugated system of single and double bonds. An example is quino- 
line blue. 



Quinoline blue 
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A dmilar dye, pinacyanole, is made by condensing quinaldine ethio- 
dide and ethyl orthoformate. 



The possibility of resonance between the two forms is necessary if the 
compound is to be a dye. 

9. Phthalocyanine dyes. One of the most interesting and valuable 
types of chromophores is that in phthalocyanine and its metal deriva- 
tives. Copper phthalocyanine may be taken as an example of the latter. 
It is formed by treating o-phthalonitrile with copper and has a complex 
structure similar to those of chlorophyll and hemin. 



Many other similar metal derivatives have been made. These are fast 
blue or green pigments characterized by remarkable stability toward 
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acids, bases, and heat. They are employed in practically every field in 
which colored pigments are of use. 

The evidence supporting the structure given for these pigments is 
based largely on x-ray data. Presumably the formula given is but one 
of several resonance hybrids; in the sixteen-mem bered ring the atoms 
show a spacing which indicates a resonating structure. 


PROBLEMS 

1. Suggest a reason for the observation that unsaturated compounds are more 
likely to be colored than are saturated compounds. 

2. How can the function of mordants be explained by use of the electronic 
theory of valence? 

3. What properties must a compound possess to be useful as an indicator? 


SUGGESTED READINGS 
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Doja, “Cyanine Dyes,” Chem. Rev., 11, 273 (1932). 

Dahlen, “The Phthalocyanines, A New Class of Synthetic Pigments and Dyes,” 
Ind. Eng. Chem., 31, 839 (1939). 
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Notes on Nomenclature and Prontmciation 

Nomenclature. The continual increase in the variety and complexity of 
organic compounds has required constant revision of our systems of nomen- 
clature. The American organic chemist^s authoritative reference in the matter is 
the index of the current volume of Chemical Abstracts. It is especially to be 
noted, however, that only th£ indexes of Chemical Abstracts may be depended 
on to use the accepted names. 

The Chemical Abstracts system of naming is designed frankly for indexing 
purix)ses and is often too cumbersome for use in speaking or writing. It is based, 
of course, on the Geneva system of naming. This system was revised in 1933 . 
(A very useful book on the naming of ring compounds is also available.) 

Although a standard system for naming compounds now exists, chemists often 
continue to use more than one name for a given substance. This may appear to 
be undesirable, but it has the great practical advantage of permitting the names 
to vary with the context. This possibility of option often makes it easier to 
bring out analogies and frequently makes for clearer exposition. 

It is only in connection with indexing that chemists are expected to adhere to 
the Chemical Abstracts system. For other purposes it cannot be said a 'priori 
that one name is preferable to another. The choice is often determined by the 
context. In fact, situations may arise in which it is warrantable to discard all 
the known names and coin a new one. 

Consider the compound whose structural formula is C6H6COCH2CN. In a 
discussion of nitriles it might well be described as henzoylaeetonitrile. This is the 
name used by Chemical Abstracts. If the topic under consideration is cyanides, 
phenaeyl cyanide would probably be the most appropriate name. Regarded as a 
derivative of acetophenone it is o><yanx>€mtophenone. 

Whether one says n-butyl alcohol or 1 -butanol might very well depend on 
whether the compound is being related, for example, to cetyl alcohol or to 1 -hexa- 
decanol. A comparison of cetyl alcohol with n-butyl alcohol seems a little more 
appropriate than one between cetyl alcohol and 1 -butanol; the use of the latter 
names together is undesirable since they fail to suggest the structural relationship 
which exists between the compounds. 

Finally, it should be said that most chemists find it impracticable to achieve a 
complete mastery of the Chemical Abstracts system as applied to very complex 
molecules. Generally they are able to name a new compound correctly by 
analogy with similar names already in the Chemical Abstracts index. In difficult 
cases specialists must be consulted. 
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Pronunciation. The American pronunciation of chemical words shows a great 
lack of uniformity. This appears to be due in part to the fact that many Ameri- 
cans studied abroad and acquired foreign pronunciations. Many, too, have made 
the acquaintance of new words through reading and in some instances have never 
heard them pronounced. 

Efforts have been initiated to improve the situation. A few years ago a survey 
was made as to the pronunciation of a selected list of chemical words and the 
results were published. 

This report lists a large number of chemical names and indicates the pronunci- 
ations which are most used. Also, there are indications as to which pronuncia- 
tions seem preferable from a consideration of general trends in Ainerican speech. 
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Problems and Questions for Review 

I. Show how the following concepts are used to explain the properties of 
organic molecules: 

1. Resonance 6. Tautomerism 

2. Chelation 7. Mills-Nixon effect 

3. Parachor 8. Vinylogy 

4. Coordinate covalent bond 9. Strain 

5. Hydrogen bond 10. Steric hindrance 


II. Illustrate the following types of reactions: 


1. Aldol condensation 

2. Claisen-Schmidt reaction 

3. Knoevenagel condensation 

4. Perkin’s condensation ^ 

5. Cannizzaro reaction 

6. Tishchenko reaction 

7. Benzoin condensation 

8. Claisen condensation 

9. Michael condensation 

10. Dieckmann condensation 

11. Thorpe’s reaction 

12. Acetoacetic ester synthesis 

13. Malonic ester synthesis ^ 

14. Hofmann’s exhaustive 

methylation 

15. Hofmann’s h 3 rpobromite 

reaction 

16. Gabriel’s synthesis 

17. Hinsberg reaction 

18. Strecker’s reaction 

19. The modified Strecker reaction 

20. Von Braun’s cyanogen 

bromide reaction 

21. Diazotization 

22. Coupling reaction 

23. Gattermann reaction 

24. Gattermann-Eoch reaction 


25. Sandmeyer reaction 

26. Ullmann reaction 

27. Wurtz reaction 

28. Wurtz-Fittig synthesis 

29. Clcmmensen reduction 

30. Rosenmund reduction 

31. Wolff-Kishner reduction 

32. Kolbe’s electrolysis 

33. Selenium dioxide oxidation 

34. Bouveault synthesis of 

aldehydes 

35. Reimer-Tiemann reaction 

36. Hoesch reaction 

»37. Friedel-Crafts reaction 

38. Reformatsky reaction 

39. Grignard methods 

40. Ozonolysis 

41. Hydrogenation 

42. Hydrogenolysis 

43. Diels-Alder reaction 

44. Schotten-Baumann reaction 

45. Transesterification 

46. Skraup reaction 

47. Kolbe’s S 3 mthesis of 

hydroxybenzoic acids 

48. Williamson’s synthesis 

49. Polymerization 
479 
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50. Hydrol 5 ^is 

57. Acetal formation 

51. Saponification 

58. Autoxidation 

52. Dehydration 

59. Halogenation 

53. Cyclodehydration 

60. Hell-Volhard-Zelinsky reaction 

54. Dehydrogenation 

61. Nitration 

55, Dehydrohalogenation 

62. Sulfonation 

56. Haloform reaction 

III. Define and illustrate the following terms: 

1. cis-trans Isomerism 

11. Mercaptol . 

2. Walden inversion 

12. Alkaloid 

3. Cliromophore group 

13. Lactol 

4. Glycoside 

14. Lactam 

5. Acetal 

15. Diazotization 

6. Aromaticity 

16. Ketopentose 

7. Polymer 

17. Terpene 

8. Fulvene 

18. Mordant dye 

9. Free radical 

19. Ketene 

10. Quinhydrone 

20. Sulfone 

IV. Illustrate the following types of molecular rearrangements: 

1. Allylic 

8. Jacobsen 

2. Hofmann (2) 

9. Pinacol-pinacolone 

3. Fischer-Hepp 

10. Curtius 

4. Benzidine 

11. Claisen 

5. Benzilic acid 

12. Beckmann 

6. Demjanow 

13. Lossen 

7. Fries 

14. Enolization 

V. Discuss the use of the following reagents in organic chemistry: 

1. Acetic anhydride 

16. Chromic anhydride 

2. Acetyl chloride 

17. Copper 

3. Aluminum amalgam 

18. Copper-bronze 

4. Aluminum chloride 

19. Copper sulfate 

5. Aluminum isopropoxide 

20. Cuprous chloride 

6. Ammonium chloride 

21. Cuprous cyanide 

7. Ammonium sulfide 

4X2. Diazomethane 

8. Barium hydroxide 

23. Ferric chloride 

9. Benzenesulfonyl 

24. Hydrogen . 

chloride 

25. Hydrogen chloride 

10. Benzoyl peroxide 

26. Hydrogen cyanide 

11. Boron trifluoride 

27. Hydrogen iodide 

12. Bromine 

28. Hydrogen peroxide 

13. Calcium hydroxide 

^9. Hydroxylamine 

14. Chlorine 

30. lo^e 

15. Chlorosulfonic acid 

31. Iron 
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32. Magnesium amalgam 

33. Maleic anhydride 

34. Mercuric acetate 

35. Methyl sulfate 

36. Nickel 

37. Nitric acid 

38. Nitrous acid 

39. Oxygen 

40. Ozone 

41. Palladium 

42. Phenylhydrazine 

43. Phenyl isocyanate 

44. Phosphorus oxychloride 

45. Phosphorus pentabromide 

46. Phosphorus pentachloride 

47. Phosphorus pentoxide 

48. Phosphorus trichloride 

49. Picric acid 
>50. Piperidine 

51. Platinum 

52. Potassium cyanide 

53. Potassium hydroxide 

(alcoholic) 

54. Potassium permanganate 

55. Selenium 

56. Selenium dioxide 


57. Semicarbazide 

58. Silver 

59. Silver nitrate 

60. Silver oxide 

61. Sodium 

62. Sodium acetate 

63. Sodium amalgam 

64. Sodium amide 

65. Sodium bisulfite 

66. Sodium dichromate 

67. Sodium ethoxide 

68. Sodium hydroxide 

69. Sodium hypochlorite 

70. Sodium iodide 

71. Sodium nitrite 

72. Sodium sulfite 

73. Stannic cliloride 

74. Stannous chloride 

75. Sulfur 

76. Sulfur dioxide 

77. Sulfuric acid 

78. Thionyl chloride 

79. Tin 

80. Zinc 

81. Zinc chloride 

82. Zinc cyanide 


VI. Outline satisfactory methods for making the following compounds from 
readily available raw materials. Indicate the catalysts used and classify the con- 
densation reactions which are involved. 


1. m-N02C6H4CH=CHC02H 

2. o=< ^ y =o 

3. C«H5CH=CHNOs 

4. CeHsCHCOjH 

1 

OH 

6. CH,COCH*COCO,CjH, 

6. CHCO 2 H 
CHCOjH 

7. CO(CHsCO*H)» 

8. CjHjCOCHjCOjCjH, 


9. CHjCHsCHCH, 

OH 

10. CH,COCH(C6Hs)COjCjH» 

11. CHsCOCHsCeH# 


VV' 


NHNHs 


13. CH2-CO-CHC02C2H6 
CH, CH 2 


14. 


CH CH 


CH 2 C CCH 2 

\ / 

0 
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15. CH(C02CiH5)3 

16. CH 3 CHCO 2 C 2 H 5 

COCO 2 C 2 H 6 

17. C6HbCH(C02C2H6)2 

18. (CH 3 ) 2 C=CHC 02 H 

19. (CH3)2C(0H)C02C2Hs 



Br 

21 . CHsCOCHCOjCjHb 

CH2CO2C2H6 

22. C«H6CH=CIIC0CH=CHC«H6 

23. HOrj^OH 

OH 

24. P-CH 3 C 6 H 4 CHO 

25. (C2H602C)2C=C(C02C2H8)2 

^OH 

26. H0<^^^(CH2)3CH3 

27. H02C(CH2)6C02H 

28. C,H*CH(CN)CH2C0C«H, 



30. CHsCOCH-CHCOCH, 

CHaCH, 

CH,s. 

31. CeHsCHa-CCOaH 

C2H5/ 

32. CHaCOCHjCHjCOaH 


33. CH 3 NO 2 

34. C«HbSH 



NH 2 


37. CH 2 =CH-C=CH 2 

I 



40. CH 2 -CHCO 2 H 
CH 2 -CH 2 

41. S 

/ \ 

(CH,)2C C(CH3)2 

s s 

\ / 

C(CH3)* 

42. C 6 H 6 N=NC 6 Hb 

43. CHiCHOCOCHa 

44. CH 3 NHC 2 HS 

45. CH2=CC02CHa 

CH, 

46. CO 2 H 



I 


47. CH2=CHC1 

48. CHaCH^OaH 
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49. CHsCHBrCOjH 

50. CHjCHBrCHsCOaH 

51. CoHsCOCHO 

52. CeHjF 

53. Br/ Sbf 


54. CHCI 2 COCI 
65. C«H6CH=CHBr 



NO2 


VII. Show by equations what happens when phenylmagnesium bromide is 
treated with a limited amount of 


(o) CH2=C=0 


(6) HCONCCHs)* 


(c) C8H6C0CH=CH2 


(d) 


^CHO 

IJoii 


(e) CHi-CH* 
\ / 

0 


VIII. For each of the following pairs of compounds indicate a useful reaction 
which may be caused to take place, and mention any catalysts which may be 
involved: 

1 . CH2(COsC 2H6)2 and (CIl3)2C=CHC02CH3 

2. CH3COCH3 and CH2(C02H)2 

3. C6H6COCII2CO2C2H6 and CellsNHNH* 

4. CH3CH2CO2C2H6 and (C02C2H6)2 

5 . CH3COCH2CH3 and CeHtCHO 

6. CH 3 CHCHCO 2 C 2 H 8 and (C02C2H6)2 

7. CH 3 COCH 2 CO 2 C 2 H 8 and BrCH2C02C2H8 

8. CH-CO CH CH 

II X> and II II 

CH-CO CH CH 


IX. Arrange the following compounds in a decreasing order of reactivity 
toward methylmagnesium iodide: 

(0) CH 3 CH 2 CN 

( 6 ) CHy-CH* 

I >co 

CH 2 -CH 2 


(c) (CH3)8CC0C(CH3)8 
id) CH3CH2CH0 
(e) (CH8CH2)2CH0H 
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X. Indicate the number and type of stereoisomers possible for the following 


structures: 

1. CH3CH=CHCH8 

2. /CH2\ 

CHsCH CMDHCHi 

3. C«H5CH=NNHC«H6 

4. CHr-CHCOjH 
CHirCHCOsH 


6 . NO2 

Cl 

Cl 


C 

> 


> 


a 

CT 

CO2H 

CH 

2 

CH2 


/ \ / 

\ 


6 . CH2 

CH 

1 

CH2 


I 

CH2 

1 

CH 

1 

CH2 



\ / \ / 
CH2 CHj 


0 

7. CeHsSOCjHs 

/CHjCHjv 

8. SO SO 

CO-0 

^ COaH 

0— CO 
CO 2 H 

0- ^ 

CHsS^SCH* 

6^6 


XI. Write electronic formulas for the following compounds: 

1. Triphenylmethyl 8. An amine oxide 

2. Nitromethane 9. A sulfinic acid 

3. Diphenyl sulfone 10. An oxonium compound 

4. Methyl ether 11. A chelate ring 

5. Methyl isonitrile 12. Ketene 

6. Sulfur dioxide 13. Methyl 

7. Carbon monoxide 14. Hydrogen peroxide 


XII. Show what occurs when the following compounds react with an excess of 
ethylmagnesium bromide. In each case write the formula of the principal product 
obtained when the condensation product is treated with dilute sulfuric acid. 


1. CHjpCBrCHaBr 

2. (CH8)8CC0C(CH8)8 



3. CHjCOCOaCjHfi 

4. (CH80)2C0 


8. CeHfiCOCHCeHfi 

I 

OH 


5. CHaCHaCHaCfeCH 

6. CeHftNHCH, 


9. SO 2 

10. CHr-CH2 
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11 . 

12 . 

13. 

14. 

15. 


CO* 

HCOjCjHt 

0* 


C«HsCN 


I I 
SA / 


CH* 


16. CH(0C2H6)8 

17. HCONCCHj)* 

18. CeH5CH=CHCOC«H5 

19. CHsCH-CH* 


20. (CH,)2S04 


XIII. Compare the basic 

1. (CH3)2NH 

2. (CH3)2C=N0H 

3. C.HsNHNHj 




NH 




strengths of the following nitrogen compounds: 
5. CH CH 


CH CH 

\ / 

NH 


6. CH3<(^ ^S02N(CH3)2 


XIV. (a) Discuss the reduction of nitro compounds. 

(h) What types of compounds are colored? 

(c) What is a dye? Give several types. 

(d) Why is the coupling of diazonium salts carried out in alkaline media? 

(e) Compare the chemical reactions of primary amines (RNHg) and 

simple amides (RCONH 2 ). 

if) In what types of nitro compounds is the nitro group replaceable? 


XV. Arrange the following halogen compounds in a decreasing order of reac- 
tivity toward silver nitrate. Which of these compounds will yield a Grignard 
reagent? 

1. CcHfiF 4. CHsCHaCHaCHaBr 


Br/ \Br 



3. CHClaCOCl 


NO* 




INDEX 


Abietic acid, 444 
Absorbent cotton, 200 
Acceptor, 4, 206 
Acenaphthene, 438 
Acetaldehyde, 65 
from acetylene, 23 
from ethyl alcohol, 65 
Acetalization, 300, 339 
Acetals, 70, 271, 300 
cyclic, 301 

in the sugar series, 301 
Acetamide, 96, 100, 102 
Acetanilide, 117 
Acetic acid, 87 
pyrolysis of, 281 
synthesis of, 23, 87 
Acetic anhydride, 99 
Acetoacetic acid, 149 
A(?ctoacetic ester, 148 
structure of, 211 

Acetoacetic ester condensation, 321 
Acetoacetic ester in synthesis, 151 
Acetoin, 312 
Acetol, 301 

a-Acetonaphthone, 288 
jS-Acetonaphthone, 288 
Acetone, 49, 75 
bromination of, 236 
haloforms from, 81 
preparation of, 49, 75, 281 
Acetone cyanohydrin, 77 
Acetonedicarboxylic acid, 144, 283 
Acetonylacetone, 452 
Acetophenone, 100, 280 
Acetopropyl alcohol, 319 
2-Acetothienone, 451 
Acetylacetone, structure of, 212 
Acetyl bromide, 283 
Acetyl chloride, 95, 97, 244 
Acetylene, 22 

Acetylenedicarboxylic acid, 148 
Acetylenic compounds, from aldehydes, 
246 


Acetylenic compounds, from methyl 
ketones, 246 
from vinyl halides, 253 
hydration of, 23, 280 
Aeetylketene, 296 
Acetylphenetidine, 390 
Acid anhydrides, 97 
mixed, 98, 100 
polymeric, 136 
reactions of, 99 
Acid azides, 387 
Acid chlorides, 95 
Acidic dyes, 465 
Acids, 84 
aldehyde, 311 
amino, 173 
derivatives of, 89 
dibasic, 130 
dicarboxylic, 129 
halogenation of, 236 
hydroxy, 141 
keto, 148, 282 
polyfunctional, 123 
preparation of, 85 
pyrolysis of, 281 
unsaturated, 145 

Act form of nitro compounds, 380 
Aconitic acid, 144 
Acridine, 459 
Acrolein, 145, 293 
acetal of, 302 
Acrylic acid, 143, 145 
Acryloid polymers, 146, 362 
Acrylonitrile, 363 

Active methylene compounds, alkylation 
of, 151, 249, 317 
cleavage of, 152 
coupling of, 319 
enolization of, 316 
halogenation of, 237 
oxidation of, 316 
Acylation, 320 
Acyl chlorides, 95 
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Acyl chlorides, reactions of, 96 
Acyl halides, 95, 255 
Acyloins, 312 
Addition, 238 
1,2 Addition, 240, 268 
1,4 Addition, 26, 240, 268 
Adipamide, 140 
Adipic acid, 132 
Alanine, 176, 182 
/5-Alanine, 328 
Albumen, 359 
Alcohols, 45 
classification of, 46 
conversion to alkyl halides, 50 
industrial, 224 
isomerism of, 46 
oxidation of, 53, 280 
polyfunctional, 57 
preparation of, 47 
reactions of, 50 
Aldehyde acids, 31 1 
Aldehyde ammonias, 71 
Aldehydes, 65 

bimolecular reduction of, 308 
cleavage of, 31 1 
oxidation of, 68, 316 
preparation of, 65, 282 
reduction of, 68 
unsaturated, 336 
Aldoketenes, 296 
Aldol, 73, 324 
Aldol condensation, 73, 323 
Aldopentoses, 191 
Algol yellow W.G., 469 
Alicyclic compounds, 44 
Aliphatic compounds, 44 
Aliphatic hydrocarbons, 44 
halogenation of, 229 
Alizarin, 468 
Alkaloids, 460 
Alkoxides, 50 
Alkyd resins, 365, 368 
Alkylation, 151, 317 
Alkyl halides, 50 
as alkylating agents, 249 
from alcohols, 242 
reactions of, with alkali cyanides, 
54 

with alkalies, 56 
with alkali metals, 54 


Alkyl halides, reactions of, with mag- 
nesium, 55 

with reducing agents, 55 
with sodium alkoxides, 54 
with sodium-lead alloy, 55 
use of in synthesis, 53 
Alkyl isocyanates, 129 
Alkyl isothiocyanates, 415 
Alkyllithiums, 276 
Alkyl nitrites, 371 
Alkyl radical, 15 
Alkyl sulfates, 51, 272 
Alkyl thiocyanates, 415 
Alkylzinc compounds, 276 
Allenes, optically active, 218 
Allose, 188 
Allyl alcohol, 145 
Allylainine, 391 
Allyl chloride, 231 
Allyl cyanide, 253 
Allyl halides, 253 
Allylic rearrangements, 243 
Allyl iodide, 238 
Allyl iso thiocyanate, 391 
Allylmagnesium bromide, 260 
Allyl phenyl ethers, 426 
Allyl thiocyanate, 391 
Altrose, 188 

Aluminum /-butoxide, 324 
Aluminum ethoxide, 312 
Aluminum isopropoxide, 310 
Alurate, 155 
Amides, 101, 116 
reduction of, 115, 389 
Amine oxides, 207, 397 
Amines, 112 
basicity of, 116 
classification of, 112 
diazotization of, 119 
hydration of, 115 
oxidation of, 397 
preparation of, 112, 386 
by Bucherer process, 391 
by Curtius method, 387 
by Del^pine method, 388 
by Gabriel method, 388 
by Hofmann alkylation method, 
112, 386 

by Hofmann hypobromite method; 
387 
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Amines, preparation of, by hydrolysis of 
disubstituted cyanamides, 391 
by hydrolysis of p-nitrosoanilines, 
391 

by reduction methods, 114, 389 
from aryl halidas, 114 
from chloroamine, 388 
reaction with nitrous acid, 118, 394 
salt formation of, 116, 392 
separation of, 1 13, 395 
Amino acids, 173 
from proteins, 174 
synthesis of, 182 
3 f)-Aminobenzoic acid, 384 
e-Aminocaproic acid, 304 
Amino group, 6 

1 -Amino-8-naphthol-2,4-<lisulfonic acid, 
440 

l-Amino-8-naphthol-3,6-disulfonic acid, 
440 

p-Aminophenol, 384 
a-Aminopyridine, 456 
Aminopyridincs, 456 
7 -Aminovalcric acid, 185 
Ammonium picrate, 378 
Amyl acetate, 102 
Amyl alcohols, 47 
from pentanes, 230 
Amyl chlorides, from pentanes, 230 
Amyl undecanoate, 102 
Amytal, 155 
Anethole, 284 
Angelica lactones, 283 
Aniline, 113 

preparation of, 114, 252, 389 
Anisaldehyde, 284 
Anisole, 160, 249 
Anthocyanidins, 454 
Anthracene, 41, 441 
bromination of, 443 
structure of, 442 
synthesis of, 441 

1,8-Anthracenedisulfonic acid, 443 
2,7-Anthracenedisulfonic acid, 443 
Anthranilic acid, 387 
Anthraquinone, 443 
Anthraquinone dyes, 468 
Antifebrin, 117 
Anti forms, 220 
Antioxidants, 308 


Arabinose, 191 
Arginine, 177 
Aromatic character, 417 
Aromatic compounds, 44, 417 
chloromethylation of, 235 
halogenation of, 231 
polynitro, 373 

Aromatic hydrocarbons, 34, 432 
Aromaticity, 417 
Arsanilic acid, 429 
Arsonation, 428 
Ai-sphenamine, 429 
Aryl fluoridpi5, 230, 246 
Aryl group, 44 
Aryl halides, 44, 250 
Arylsodiums, 275 
Ascorbic acid, 193 
Aspartic acid, 177 
Asphalt tar, 29 
Aspirin, 161 
Association, 45 
Asymmetric atom, 166 
Asymmetric molecule without as 3 rm 
metric atom, 218 
Atebrin, 459 
Aurine, 472 
Autoxidation, 308 
Auxins, 453 

Auxoc.hrorae groups, 465 
Azelaic acid, 130, 133 
Azibenzil, 296 
Azine, 304 
Azlactones, 326 
Azobenzene, 383 
Azo compounds, 121 
preparation of, 121, 122, 399 
reduction of, 390 
Azo dyes, 467 
Azoxybenzene, 383 

Baeyer strain theory, 349 . 

Baeyer tast, 21 

Bakelite, 162, 366 

Barbital, 155 

Barbituric acid, 154 

Bart reaction, 429 

Basic dyes, 465 

Beckmann rearrangement, 303 

Beeswax, 110 

Benedict test, 68, 192 
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Benzalacetone, 324, 327 
Benzalacetophenone, 327 
Benzalaniline, 303 
Benzal cliloride, 41, 233 
Benzaldehyde, 66, 283, 292 
Benzamide, 93, 101 
Benzanilide, 117 
Benzanthrone, 446 
Benzene, 34 
from cyclohexane, 43 
nitration of, 37 
oxidation of, 147, 426 
reactions of, 34 
structure of, 212, 418 
Benzenediazonium chloride, 119 
Benzenesulfonic acid, 37, 411 
Benzidine, 384, 432 
Benzidine rearrangement, 384 
Benzilic acid rearrangement, 344 
Benzilic acids, 344 
Benzils, 344 
Benzofuran, 450 
Benzohydrol, 310 
Benzoic acid, 40, 88 
dimer of, 88 
Benzoic anhydride, 99 
Benzoin condensation, 313 
Benzoins, 313 
Benzologs, 329 
Benzophenone, 287 
Benzopinacol, 309 
Benzopinacolone, 292 
p-Benzoquinone, 398, 424 
Benzotricliloride, 41, 233 
Benzotrifluoride, 247 

o-Benzoylbenzoic acid, 286 
Benzoyl chloride, 245 
Benzoyl peroxide, 364 
Benzoylpiperidine, 245 
/3-Benzoylpropionic acid, 286 
Benzoylpyruvic acid, beryllium com- 
pound of, 219 
Benzyl alcohol, 56, 74 
Benzyl benzoate, 312 
Benzyl chloride, 41, 233 
Benzyl chlorocarbonate, 178 
Benzyl cyanide, 249 
Benzyl iodide, 247 
Benzyl isothiocyanate, 391 
Benzyl mercaptan. 62 


Benzyl methyl sulfide, 62 
Benzyl thiocyanate, 391 
Biacetyl, 418 
Bibenzyl, 273 
Bile acids, 444 

Bimolecular reduction, 308, 332 
Binaphthol, 439 
Biphenyl, 432 
synthesis of, 250 

Biphenyl derivatives, optically active 
219 

Biphenylenemcthylethylene, 330 
Bisabolene, 358 

Bisulfite addition compounds, 69. 306 
Biuret, 128 
Biuret test, 181 
Blaise method, 276 
Blanc rule, 281 
Bouvcault’s method, 267 
von Braun method, 245 
Broiniiiation, 9, 230 
Bromoallyl bromide, 271 
BromobenzoJie, 34 
p-Bromobiphenyl, 433 
Bromoform, 9, 248 
a-Bromonaphthalene, 42 
rw-Bromonitrobenzene, 232 
p-Bromonitrosobenzene, 384 

0- Bromophenol, 412 
p-Bromophenol, 232 
/9-Bromostyrene, 248 
77z-Bromotoluene, 121 
Bucherer process, 391 
Buna N, 363 

Buna rubber, 27, 363 
Buna S, 363 

1.3- Butadiene, 26, 324 
Butane, 9 

2.3- Butanediol, 308 

1- Butanol, 49, 224 

1- Butene, 31 

2- Butene, 31 
Butter, 104 

Butyl acetate, 52, 102 
w-Butyl alcohol, 49, 224 
aec-Butyl alcohol, 49 
f-Butyl alcohol, 49 
n-Butylamine, 113 
n-Butyl bromide, 50 
n-Butylcarbitol, 60 



w-Butylcellosolve, 60 
n-Butyl chloride, 61 
sec-Butyl chloride, 51 
<-Butyl chloride, 51 
n-Butyl ether, 69 
n-Butyl mercaptan, 61, 405 
n-Butyl methyl ether, 54 
Butyl rubber, 364 
w-Butyraldehyde, 280 
Butyramide, 101 
Butyroin, 312 
Butyryl cliloride, 95 

Camphor, 358 

Cannizzaro reaction, 74, 310 
crossed, 310 
intramolecular, 311 
Caoutchouc, 358 
n-Caproic acid, 84 
€-Caprolactam, 304 
Carane, 358 
Carbamic acid, 124 
Carbazolc, 393, 441 
2-Carbethoxycyclopentanone, 322 
Carbitol, 60 

Carbobenzoxy derivatives, 178 
Carbohydrate, definition of, 195 
Carbohydrates, 186 
Carbolic acid, 159 
Carbon dioxide, 123 
Carbon disulfide, 414 
Carbonic acid, 123 
Carbon monoxide, structure of, 209 
Carbon oxysulfide, 414 
Carbon suboxide, 296 
Carbon tetrabromide, 9 
Carbon tetrachloride, 8, 230 
Carbon tetraiodide, 9 
Carbonyl chloride, 123 
Carbonyl , compounds, 235 
a-halogen, 253 
halogenation of, 235, 315 
reaction with alcohols, 70, 300 
amino compounds, 302 
ammonia, 71, 302 
2,4-dinitrophenylhydrazine, 305 
Girard reagent, 306 
Grignard reagent, 71, 307 
hydrazine, 304 
hydrogen cyanide^ 70, 307 
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Carbonyl compounds, reaction with hy- 
droxylaminc, 72, 303 
oxidizing agents, 68, 308 
plicnylhydrazine, 72, 305 
phosphorus pentachloride, 313 
reducing agents, 68, 308, 332 
semicarbazide, 73, 306 
sodium bisulfite, 69, 306 
water, 299 

redu(;tion of, 308, 332 
synthesis of, 280 
unsaturated, 332 
Carboxyl group, 6, 84 
Carbyl amines, 209, 256 
Carcinogenic hydrocarbons, 444 
Carnauba wax, 110 
Carriers, 231 
Castor oil, 106 
Catechol, 159, 422 
Cellobiose, 200 
Cellophane, 202 
Cellosolve, 60 
Celluloid, 201 
Cellulose, 200, 359 
Cellulose acetate, 201 
Cellulose nitrate, 201 
Cetyl alcohol, 226 
Cetyl palmitate, 110 
Chelidonic acid, 454 
Chelate rings, 89, 210 
Chemiluminescence, 263, 308 
Chicago acid, 440 
China wood oil, 109 
C hlora l, 294 
Chloral hydrate, 300 
Chlor^me-T, 413t^ 

Chloranil, 42? 

Clilorination, 9, 230 
Chloroacetic acid, 141 
Cliloroamine, 388 
Chlorobenzene, 36 
nitration of, 378 
o-Chlorobenzenesulfonic acid, 37 
p-Chlorobenzenesulfonic acid, 37 
o-Chlorobenzoyl cliloride, 315 
Chloroform, 8 
preparation of, 248 
Chloromethylation, 235 
Chloromethyl ether, 248 
as alkylating agent, 236 
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m-Chloronitrobenzene, 38 
o-Chloronitrobenzene, 37 
p-Chloronitrobenzene, 37 
Chloropeutanes, 230 
Chloropicrin, 373 
Chloroprene, 28 
o-Chloro toluene, 41, 234 
p-Clilorotoluene, 41, 234 
Chromogen, 465 
Chromophores, 465 
Chromophoric groups, 465 
Ciba resins, 367 
Cinnamaldehyde, 295 
Cinnamic acid, 316, 325 
Cinnamyl alcohol, 243 
cis-trans Isomerism, 146, 220 
Citraconic acid, 144 
Citral, 340 
Citric acid, 142 
Citronellal, 340 
Claisen condensation, 320 
Claisen rearrangement, 426 
Claisen-Schmidt method, 327 
Clemmensen reduction method, 309 
Coal tar dyes, 464 
Coconut oil, 104 
Collidine, 457 
Collidines, 457 
Collodion, 201 

Color and chemical constitution, 464 

Condensation polymer, 126 

Configuration, 166 

Congo red, 467 

Conjugated systems, 26, 239 

Coordinate covalence, 4, 206 

Copolymers, 25, 363 

Com symp, 199 

Coronene, 445 

Cotton, 200 

Coumarin, 326 

Coumarone, 361, 450 

Coupling reactions, 121 

Covalent bond, 3 

Cracking of hydrocarbons, 9, 12, 29 

m^Cresol, 159 

o-Cresol, 159 

p-Cresol, 159, 235 

p-Cresyl acetate, 160 

Crotonaldehyde, 74, 324 

Crotonic acid, 145 


Crotononitrile, 253 
Crystal violet, 472 
Cumulenes, 434 
Cuprammonium process, 202 
Curtius method, 387 
Curtius rearrangement, 387 
Cyanamide, 127, 367 
Cyanic acid, 127 
Cyanin, 454 
Cyanine dyes, 473 
Cyanoacetic acid, 132 
Cyanohydrins, 70, 307 
Cyanuric acid, 127 
Cyclic anhydrides, 135 
Cyclic imides, 137 
Cyclic ketones, 77, 136 
Cyclization, 135 
Cyclobutane, 14 

1,3-Cyclobutanedicarboxylic acid, 349 
Cyclobutanone, 400 
Cyclobutylcarbinol, 394 
Cyclobutylmethylamine, 394 
Cycloheptane, 351 
Cycloheptanone, 400 
Cyclohexane, 14, 35 
Cyclohexanol, 133, 226 
Cyclohexanone, 76, 136, 400 
Cyclohexyl bromide, 50 
Cyclohexylcarbinol, 264 
Cycloparaffins, 13 
Cyclopen tadecanone, 291 
Cyclopentadiene, 329 
Cyclopentane, 14 

1, 2-Cyclopen tanedicarboxylic acid, 350 
Cyclopentanol, 394 
Cyclopentanone, 136, 281, 400 
Cyclopentene, 394 
Cyclopropane, 14, 256 
Cyclopropanone, 400 
Cysteine, 176, 406 
Cystine, 176, 406 

Decalin, 439 
Decane, 10 
Decarboxylation, 90 
w-Decyl alcohol, 109 
Dehydroacetic acid, 322 
Dehydrohalogenation, 18 
Del6pine’s method, 388 
Demjanow rearrangement, 394 



INDEX 


493 


Depsides, 424 
Detergents, 108 
Deuterobenzene, 262 
Developed dyes, 466 
Dextrins, 198 

Dextro-rotatory compound, 166 
Diacetone alcohol, 80 
Diacetylresorcinols, 419 
Dialdehydes, 343 
Diamines, polyamides from, 140 
Diastcreoisomers, 167 
Diazoacetic ester, 400 
Diazomethane, 399 

Diazonium group, replacement by al- 
koxyl groups, 121 
arsonic acid group, 429 
aryl radicals, 433 
cyanide group, 120 
fluorine, 246 
halogens, 120, 246 
hydrogen, 120 
hydroxyl, 120 
Diazonium salts, 119 
coupling reactions of, 121, 399 
preparation of, 119 
reduction of, 122 
structure of, 398 
Diazotates, 398 
Diazotization, 1 19, 398 
Dibasic acids, 129 
dehydration of, 135 
derivatives of, 137 
polyamides from, 140 
polyesters from, 138 
preparation of, 130 
unsaturated, 147 
Dibenzalacetone, 327 

1.2.5.6- Dibenzanthracene, 447 

2.3.6.7- Dibenzanthracene, 446 
Dibenzoylmethane, bromination of, 237 
Dibromomalonic acid, 284 
Di-n-butylamine, 391 
Dichloroacetamide, 254 
Dichloroacetic acid, 264 
m-Dichlorobenzene, 311 
o-Dichlorobenzene, 37 
p-Dichlorobenzene, 37 
i5,/J'-Dichlorodiethylsulfide, 63 
Dichlorodifluoromethane, 247 
Dichlorodioxane, 343 


Dicyandiamide, 367 
Dieckmann method, 322 
Diels-Alder condensation, 353 
Diene polymers, 362 
Dienes, 26 
Diene synthesis, 363 
Diethylamine, 391 
Diethylaniline, 113 
Diethylene glycol, 60 
Diethyl ketone, 280 
Diethyl sulfate, 272 
m-Digallic acid, 424 
Diiodotyrosine, 177 

2,4-Diisopropyltoluene, 417 
Diketene, 296 
a-Diketones, 344 
/S-Diketones, 344 
7-Diketones, 346 
5-Diketones, 345 
€-Dikctones, 345 
Diketopiperaziries, 173 
Dilution principle, 363 
Dimerization, 27 
Dimesityl ketone, 299 
Dimethylacetylene, 22 
Dimethylamine, 386 
p-Dimethylaminoazobenzene, 121 
Dimethylaniline, 113 
Dimethylbutadiene, 362 
Dimethyl disulfide, 62 
Dimethylfulvene, 329 

а, a'-Dimethylfuran, 345 
i3,/3-Dimethylglutaric acid, 316 
Dimethylketene, 296 
Dimethylmaleic anhydride, 365 

2.3- Dimethylpentane, 32 

2.4- Dimethylphenylacetic acid, 417 
2,2-Dimethyl-l -propanol, 47 

2.6- Dimethyl-7-p3a'one, 454 
Dimethylpyrrole, 452 

2.4- Dinitroaniline, 252 

3.6- Dinitroani8ole, 383 
m-Dinitrobenzene, 38, 370 
o-Dinitrobenzene, 370 
p-Dinitrobenzene, 370 
2,2'-Dinitrobiphenyl, 261 

4.4 - Dinitrobiphenyl, 433 

2.4- Dinitrochlorobenzene, 252 

б, 6 -Dinitro-2,2'-dicarboxybiphenyl, 433 

2.4- Dinitromethylanilme, 379 
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2.4- Dinitrophenol, 379 

2.4- Dinitrophenylhydrazine, 305 

2.4- Dinitrophenylhy<lrazones, 305 

2.4- Dinitrotoluene^ 39 
2,6-Dinitrotoluene, 39 
Diolefins, 26 
Dioxane, 60 
Dioxolanes, 301 
Dipeptides, 178 
Diphcnylamine, 391 
Diphenylketene, 296 
Diphenylmercury, 278 
Diphenylmethane, 44 
Diphenyl tetraketone, 346 
Diphenyl triketone, 346 
Diphenylurea, 129 
Direct dyes, 465 
Disaccharides, 195 
Disproportionation, 273 
Disulfides, 62 
Dithiane disulfoxide, 221 
“Divalent^' carbon atoms, 209 
Donor, 4, 206 

Dreft, 108 

Drying oils, 104, 109 
Durene, 421 
Dyes, acidic, 464 
anthraquinone, 468 
azo, 467 
basic, 465 
cyanine, 473 
developed, 466 
direct, 465 
indigoid, 470 
ingrain, 466 
mordant, 465 
nitro, 467 
nitroso, 466 
phthalocyanine, 474 
pyronine, 472 
substantive, 465 
sulfur, 466 

triphenylmethane, 472 
vat, 466 
D3mamite, 58 
Dypnone, 324 

Elbs reaction, 447 

Electronic theory of valence, 204 

Electrovalent bond, 3 


Eleostearic acid, 104 
Emde method, 462 
Enantiomorphs, 166 
Enediol group, 194 
Enol form, 150 
Enolization, 274, 380 
Enols, 150 

Entrainment method, 260 
Enzymes, 48 
Eosin, 472 

Erlenmeyer rule, 344 
P^sterifi cation, 51 
mechanism of, 90, 406 
Poster interchange, 92 
Esters, 51, 90 
acy loins from, 312 
ammonolysis of, 93 
hydrogenation of, 93 
hydrolysis of, 92 
a-keto, 321 

naturally occurring, 102 
reaction with Grignard reagent, 94 
saponification of, 92 
Plthane, 9 
Ethanol, 20, 48 
Ethers, 59 
cyclic, 59 
halogen, 248, 255 
mixed, 59 

preparation of, 62, 54, 59 
2-Ethoxy-l-naphthaldehyde, 290 
Ethyl acetate, 96, 148 
Ethyl acetoacetate, 148 
acylation of, 320 
alkylation of, 249 
bromination of, 237 
cleavage of, 152 
coupling of, 319 
enol form of, 150 
iodination of, 237 
ketones from, 152 
preparation of, 148 
structure of, 211 
Ethyl acetosuccinate, 319 
Ethylacetylene, 22 
Ethyl adipate, 322 
Ethyl alcohol, 20, 48 
Ethylamine, 113, 114 
Ethylbenzene, 40, 360 
Ethyl benzoate, 94 
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Ethyl benzoylacetate, 321 

Ethyl carbamate, 124 

Ethyl carbonate, 124 

Ethyl chloride, 19, 238 

Ethyl chlorocarbonate, 124 

Ethyl chloroformate, 124 

Ethyl 1,1-cyclobutanedicarboxylate, 349 

Ethylene, 17 

Ethylene bromide, 19 

Ethylene chloride, 366 

Ethylene chlorohydrin, 20 

Ethylene cyanohydrin, 146 

Ethylene glycol, 21, 57, 226 

Ethylene glycol diacetate, 57 

Ethylene glycol dinitrate, 57 

Ethylene iodide, 238 v 

Ethylene oxalate, 139 

Ethylene oxide, 21, 59 

Ethyl ether, 52, 59 

Ethyl formate, 91, 294 

Ethyl fumarate, 338 

Ethyl glutarate, 323 

Ethylidene acetate, 24, 99 

Ethylidene bromide, 239 

Ethylidene chloride, 24 

Ethyl iodide, 51 

Ethyl Of-iodoacetoacetate, 237 

Ethyl isobutyrate, 91 

Ethyl laurate, 94 

Ethyl malonate, 132, 151 

Ethyl nitrate, 52 

Ethyl 1,18-octadecanedioate, 133 

Ethyl orthocarbonate, 129 

Ethyl orthoformate, 129 

Ethyl oxalate, 323, 396 

Ethyl phenylmalonate, 322 

Ethyl sorbate, 277 

Ethyl succinate, 323 

Ethyl sulfate, 272 

Ethyl trimesate, 277 

Ethylurea, 128 

Eugenol, 285 

Exhaustive methylation, 395, 461 


Fats, 102 

iodine number of, 238 
Fehling test, 68 
Ferric thiocyanate, 415 
Fire damp, 7 

Fischer-Hepp rearrangement, 402 


Fittig reaction, 250 
Fluorene, 329 
Fluorescein, 472 
Fluorination, 9, 230 
Fluorine compounds, 247 
Formaldehyde, 66 
Formaldehyde candles, 67 
Formalin, 66 
Formamide, 101 
Formate^??, 266 
Formic acid, 87 
Formic anhydride, 100 
Formoin, 312 
Formyl chloride, 96 
Formylmethylaniline, 290 
Free radicals, 209, 433 
Free rotation, 219 
Freund, 256 

Friedel-Crafts reaction, 39, 96, 249, 286 

Fries rearrangement, 290 

Fructose, 190 

Fulminic acid, 129 

Fulvenes, 329 

Fumaric acid, 148, 450 

Fumaroid form, 220 

Fimctional group, 5 

Furan, 189, 449 

Furans, 345 

Furfural, 293, 449 

Furfuraldehyde, 293, 449 

2-Furfuryl alcohol, 450 

2-Furoic acid, 450 

Furoin, 450 

Fusel oil, 224 

Gabriel synthesis, 338, 388 
Galactose, 188 
Gallic acid, 423 
Gallotannin, 424 
Gambine, 466 
Gardinols, 108 
Gas oil, 29 
Gasoline, 29 

Gattermann-Koch reaction, 289 
Gattermann method, 120, 289 
Geneva system of nomenclature, 11 
Geometrical isomerism, 146, 220 
Geranial, 340 
Giant molecules, 357 
Girard's reagent, 306 
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Glucose, 186, 301 
Glutaconic acid, 336 
Glutaconic anhydride, 336 
Glutaconic esters, 336 
Glutamic acid, 177, 338 
Glutaric acid, 132, 338 
Glutaric anhydride, 135 
Glutarimide, 138 
Glutaronitrile, 132 
Glyceraldehyde, 302 
Glycerol, 58 
manufacture of, 58, 227 
Glycerol-phthalic anhydride resins, 366, 
368 

Glyceryl trinitrate, 58 
Glyceryl trioleate, 103 
Glyceryl tripalmitate, 103 
Glyceryl tristearate, 103 
Glycine, 176 
Glycogen, 199 
Glycolaldehydc, 301, 312 
Glycolic acid, 141 
Glycols, 57 
Glycosides, 194 
Glyoxal, 343 
Glyoxals, 343 
Glyoxylic acid, 311 
Glyptal resins, 139 
Greases, 29 

Grignard reaction, 269 
catalysts for, 260 
Grignard reagent, 55 
analysis of, 261 
coupling of, 272 
preparation of, 55, 260 
reaction with acetomesitylene, 276 
acetylene, 262 
acid anhydrides, 267 
acid chlorides, 266 
acids, 265 

active hydrogen compounds, 262 

alcohols, 262 

aldehydes, 71, 264 

alkyl sulfates, 272 

allyl bromide, 271 

amides, 267 

amines, 262 

azo compounds, 273 

benzyl chloride, 271, 273 

bromoailyl bromide, 271 


Grignard reagent, reaction with carbon 
dioxide, 66, 267 
carbonyl compounds, 264 
chloroamine, 388 
7 -chloropropyl sulfonates, 272 
conjugated systems, 268 
cyclic ethers, 270 
diazomethane, 400 
esters, 94, 266 
ethers, 271 

ethyl acetoacetate, 262 
ethyl carbonate, 266 
I ethylene oxide, 270 
formaldehyde, 71, 264 
formamides, 267 
formates, 266 
a-halogen ethers, 255, 271 
halogens, 264 
heavy water, 262 
inorganic halides, 272 
isocyanates, 269 
ketene, 269 
ketones, 78, 265 
mositoyl chloride, 273 
nitriles, 270 

orthocarbonic esters, 271 
ortho esters, 271 
orthoformic esters, 271 
oxygen, 263 
propylene oxide, 271 
sulfur, 263 
sulfur dioxide, 270 
trimethylene oxide, 271 
water, 262 
structure of, 260 
Guaiacol, 285, 422 
Guanidine, 127 
Guanidine picrate, 378 
Guerbet reaction, 225 
Gulose, 188 
Guncotton, 201 

H acid, 440 
a-Haloaldehydes, 253 
Haloform reaction, 81, 315 
Halogenation, 229 
a-Halogen ethers, 248, 255 
Halohydrins, 256 
Heart poisons, 444 
HeU-Volhard-Zelinsky, 183, 236 
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Hendacetals, 70, 300 
cyclic, 188 

Heptachloropropane, 248 
n-Heptaldehyde, 296 
n-Heptane, 10, 30 
1-Heptanol, 226 
Heptene, 12 
1-IIeptyne, 271 
Heteroauxin, 470 
Heterocyclic compounds, 449 
Heteropolymer, 365 
Hexabenzobenzene, 445 
Hexabiphenylethane, 434 
Hexahydrohomophthalic acids, 352 
Hexahydrohomophthalic anhydrides, 352 
Hexahydrophthalic acid, 352 
Hexamethylacetone, 320 
Hexamethylbenzene, 235, 421 
Hexamethylenediamine, 140 
Hexamethylenetetramine, 67 
Hexane, 10 

1-Hexanol, 93, 109, 226 
Hexaphenylethane, 433 
Hexene, 12 
Hexogen, 67 

n-Hexyl alcohol, 93, 109, 226 
Hexylresorcinol, 309 
Hinsberg method, 395 
Histidine, 177 

Hofmann hypobromite reaction, 387 

Hofmann method, 112 

Hofmann rearrangement, 402 

Homologous series, 10 

Homology, 10 

Honey, 197 

Hormones, 176 

Houben-Hoesch synthesis, 290 
Htibl method, 238 
Hydrazobenzene, 383 
rearrangement of, 384 
Hydrazones, 304 
reduction of, 389 
Hydrindene, 419 
Hydrobenzamide, 303 
Hydrobenzoin, 308 
Hydrocarbons, 6 
aliphatic, 44 
aromatic, 34, 432 
mixed, 40 
saturated, 7 


Hydrocarbons, unsaturated, 17 
Hydrogen bond, 210 
Hydrolysis, 92 
Hydroquinone, 159, 424 
Hydroxamic acids, 387 
Hydroxy acids, 141 
acetone derivatives of, 301 
aldehydes from, 283 
aromatic, 161 
dehydration of, 142 
from glyoxals, 311 
preparation of, 141 
pyrolysis of, 283 
p-Hydroxyazobenzene, 122 
p-Hydroxybenzaldehyde, 162, 289 
p-PIydroxybenzoic acid, 161 
/S-IIydroxybutyric acid, 143 
Hydroxyglutamic acid, 177 
a-Hydroxyisobutyric acid, 142 
Hydroxyl group, 6 
Hydrox>Tnethylene compounds, 344 
Ilydroxyproline, 176 
/3-Hydroxypropionic acid, 143 
8-Hydroxyquinoline, 458 
7 -Hydroxyvaleric acid, 144 

Idosc, 188 
Imides, 137 
Imines, 303 

Indanthrene blue R, 471 
Indene, 361, 451 
Indigo, 453 
synthesis of, 470 
Indigoids, 470 
Indigo white, 471 
Indole, 453 
synthesis of, 470 
3-Indoleacetic acid, 453 
Indoxyl, 453 
Ingrain dyes, 466 
Inositol, 218 
Inversion, 197, 217 
Invert sugar, 197 
lodination, 230, 232 
Iodine chloride, 232 
Iodine number, 238 
p-Iodoaniline, 232 
lodobenzene, 232 
Iodoform, 9, 248 
Isoamyl acetate, 102 
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Isoamyl alcohol, 226 
Isobutane, 10, 31 
Isobutyl alcohol, 49 
Isobutyl chloride, 51 
Isobutylene, 31 
chlorination of, 231 
Isobutyroin, 312 
Isocaproic acid, 54 
Isocapronitrile, 54 
Isocrotonic acid, 145 
Isocyanates, 128 
Isocyanic acid, 127 
Isodurene, 272 
Isoeugenol, 285 
Isoleucine, 170, 183 
Isomerism, 10, 214 
chain, 214 
ds-tranSj 146, 220 
functional group, 215 
geometrical, 146 
nucleus, 214 
optical, 164 
position, 214 
types of, 214 
Isomers, 10, 214 
Isonicotinic acid, 456 
Isonitriles, 209, 256 
Isooctane, 30 
Isooctene, 31 
Isopentane, 11 
Isophthalic acid, 130, 420 
Isoprene, 26 
Isoprerie rule, 358 
Isoprene units, 358 
Isopropyl alcohol, 49 
Isopropylamine, 114 
Isopropyl cliloride, 12 
Isoquinoline, 459 
Isosafrole, 285 
Isothiocyanates, 391 
Itaconic acid, 144 

Jacobsen rearrangement, 421 

Kerosene, 29 
Ketals, 302 
Ketene, 296 
Ketenes, 296, 339 
Keto acids, 148, 282 
jS^Ketoaldehydes, 344 


Keto form, 150 
Ketoketenes, 296 
Ketones, 75 

alkylation of, 319 
cyclic, 77, 136* 
a-halogen, 255 
halogenation of, 235 
mixed, 282 
oxidation of, 316 
preparation of, 75, 266 
reactions of, 77 
reduction of, 308, 332 
Q!,j8-unsaturated, 240 
Knoevenagel method, 327 
Knorr synthesis, 452 
Kolbe electrolysis, 133 
Kolbe synthesis, 161 
Koroseal, 362 

Lacquers, 201 
Lactams, 173 
Lactic acid, 142 
Lactide, 142 
Lactides, 142, 355 
I^ctol, 188, 282 
Lactones, 144 
Lactose, 196 
I^ake, 466 
Lampblack, 9 
Lauramide, 115 
Laurie acid, 102 
I^aurone, 282 
Lauryl alcohol, 94, 226 
Ijfiurylamine, 115 

Lespieau and Bourguel method, 271 
Leucine, 176, 183 
Levo-rotatory compound, 165 
Levulinic acid, 282 
Lignin, 200 
Ligroin, 29 
Linen, 200 
Linoleic acid, 103 
Linolenic acid, 103 
Linoleum, 110 
Linseed oil, 109 
Lithium phenyl, 276 
Lossen rearrangement, 387 
Lubricating oil, 29 
Lucas test, 50, 243 
) Lucite, 146 
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a, 7 -Lutidine, 457 
Lutidines, 467 
Lysine, 177 
Lyxose, 191 

Maleic acid, 147 
Maleic anhydride, 147 
polymers from, 365 
Maleiioid form, 220 
Malic acid, 142 
Malonic acid, 131 
pyrolysis of, 135 
Malonic ester, 131 
Malonic ester in synthesis, 151 
Maltose, 196 
Mandelamide, 301 
Mandelic acid, 141 
Mannich reaction, 329 
Mannose, 188 
Markownikoff rule, 19 
Marsh gas, 7 
Mauve, 464 
Melamine, 367 

Melamine-formaldehyde resins, 367 
Mercaptals, 406 
Mercaptans, 61, 404 
Mercaptides, 62 
Mercaptoles, 78, 406 
Mercuration, 430 
Mercurochrome, 431 
Mercurophen, 431 
Mercurosal, 431 
Mercury fulminate, 129 
Mercury thiocyanate, 416 
Mesitil, 273 
Mesitylene, 235, 341 
Mesityl oxide, 80 
Meso compound, 168 
Mesoxalic acid, 284 
Metaldehyde, 313 
Methacrylic acid, 146 
Methallyl chloride, 231 
Methane, 7 

Methanesulfonic acid, 62 
Methanol, 47, 225 
Methionine, 176, 184 
Methone, 337 

p-Methoxyacetophenone, 288 
Methylacetylene, 22 
Methyl acrylate, 146 


Methyl alcohol, 47, 225 
manufacture of, 47 
Methylamine, 114, 386 
Methylaniline, 113 
Methylation, 235 

i\r-Methyll)enzenesulfonamide, 117 
Methyl benzoate, 90 
Methyl bromide, 9 
Methyl a-bromoacrylate, 361 
2-Methyl- 1 -butanol, 47 

2- Methyl-2-butanol, 47 

3- Methyl-l -butanol, 47 
3-Methyl-2-butanol, 47 
Methylcarbitol, 60 
Methylccllosolve, 60 
Methyl chloride, 8 
Methylcholanthrene, 444 
a-Methylcinnamic acid, 325 
Methylcyclohexane, 43 
Methylene bromide, 9 
Methylene chloride, 8 
Methylenecyclobutane, 394 
Methylene iodide, 9 
Methyl ether, 59 

Methyl ethyl ether, 59 
Methyl ethyl ketone, 76, 319 
Methyl formate, 91 
Methyl glycolate, 141, 227 
Methylglucosides, 194, 301 
Methylglyoxal, 292 
a-Methylindole, 470 
jS-Methylindole, 470 
Methyl iodide, 9 
Methyl isopropyl ketone, 294 
Methyl mercaptan, 61 
Methyl methacrylate, 146 
2-Methyl-l ,4-naphthoquinone, 440 
Methyl orange, 467 
Methylphenylcarbinol, 71 
Methyl phenyl diketone, 316 
Methyl phenyl ether, 59 
Methyl rubber, 362 
Methyl salicylate, 161 
Methyl sulfate, 61 
Methylthiophenes, 461 
N-Methylvaleramide, 117 
Michael condensation, 337 
Michler’s ketone, 261 
Mills-Nixon effect, 418 
Mineral oil, 29 
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Molecular rearrangements, allylic, 243, 
274 

Beckmann, 303 
benzidine, 384 
benzilic acid, 344 
Claisen, 426 
Curtius, 387 
Demjanow, 394 
Fischer-Hepp, 402 
Fries, 290 
Hofmann, 387, 402 
Jacobsen, 421 
Lessen, 387 

pinacol-pinacolone, 291 
Moloxide, 308 
Monomer, 241, 357 
Monosaccharides, 186 
reactions of, 192 
Mordant dyes, 465 
Morphine, 444 
Morphine alkaloids, 444 
Mustard gas, 63 
Mustard oils, 415 
Mutarotation, 189 
Myricyl cerotate, 110 
Myricyl palmitate, 110 
Myristaldehyde, 292 
Myristic acid, 102 
Myristyl alcohol, 226 

Naphtha, 29 
a-Naphthaldehyde, 293 
j3-Naphthaldehyde, 292 
Naphthalene, 41, 435 
bromination of, 42 
hydrogenation of, 439 
nitration of, 42 
orientation of, 42 
oxidation of, 134 
reactions of, 42, 438 
structure of, 42, 435 
sulfonation of, 42, 438 
synthesis of, 435 

Naphthalene-1 ,5-disulfinyiacetic acid, 
437 

o-Naphthalenesulfonic acid, 42 
iS-Naphthalenesulfonic acid, 42 
Naphthalic acid, 438 
Naphthalic anhydride, 438 
o-Naphthamide, 101 


Naphthenes, 29, 43 
Naphthionic acid, 440 
oj-Naphthoic acid, 86 
a-Naphthol, 159, 412 
/3-Naphthol, 159 
Naphthol yellow, 467 
Naphthol yellow S, 467 
a-Naphthonitrile, 86, 252 
a-Naphthoquinone, 439 
jS-Naphthoquinone, 439 
ompAz-Naphthoquinone, 439 
jS-Naphthylacetic acid, 313 
a-Naphthylamine, 113 
j9-Naphthylaraine, 391 
1,4-Naphthylaminesulfonic acid, 440 
Natural gas, 7, 29 
Neoarsphen amine, 429 
Neopentane, 11 
Neoprene, 27, 363 
Neosalvarsan, 429 
Neral, 340 
Nicotine, 457 
Nicotinic acid, 456 
Nitration, 12, 37 
Nitriles, 54, 270 
formation of, 54, 249 
reduction of, 389 
NitroalcohoLs, 380 
o-Nitroanisole, 287 
p-Nitrobenzaldehyde, 310 
Nitrobenzene, 37 
bromination of, 232 
nitration of, 38, 370 
reduction of, 389 
m-Nitrobenzenesulfonic acid, 38 
p-Nitrobenzoic acid, 86 
p-Nitrobenzoyl cliloride, 95 
Nitro compounds, 12, 37, 370 
reactions of, 380 
reduction of, 114, 383 
synthesis of, 12, 37, 370 
Nitro dyes, 467 
Nitroethane, 12, 372 
Nitroform, 382 
Nitroglycerine, 58 
Nitro group, 6 
structure of, 370 
test for, 383 
Nitrolic acids, 381 
Nitromethane, 12, 371, 372 
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a-Nitronaphthalene, 42 
/3-Nitronaphthalene, 371 
Nitroparaffins, 12 
reduction of, 114 

0- Nitrophenol, 160, 373 
structure of, 210, 373 

p-Nitrophenol, 160, 373 

1- Nitropropane, 12, 372 

2- Nitropropane, 12, 372 

3- Nitropyridine, 466 
Nitrosamines, 118 
p-Nitrosoanilines, 391 
Nitrosobenzene, 383, 384 
NitrosocWorides, 241 
Nitroso compounds, 383, 384 
p-Nitrosodimethylaniline, 118 
Nitroso dyes, 466 
Nitrosomethylurea, 399 
Nitrosomethylurethan, 399 
Nitrosophenol, 425 
/S-Nitrostyrene, 380, 389 
w-Nitrotoluene, 371 
o-Nitrotoluene, 39 
p-Nitrotoluene, 39 
Nitrourca, 125 

Nonane, 10 
Norcamphor, 354 
Norleucine, 176 
Novocaine, 384 
Nylon, 140 

9,10-Octadecadienoic acid, 110 

n^ctaldehyde, 292 

n-Octane, 10, 55 

Octane number, 30 

2-Octanol, 296 

w-Octyl alcohol, 109 

Oilcloth, 110 

Oil of wintergreen, 161 

Oil paints, 110 

Olefins, 17 

addition of halogen acids to, 19, 238 
addition of halogens to, 19, 238 
addition of hypochlorous acid to, 20 
addition of hypohalous acids to, 241 
addition of nitrosyl chloride to, 241 
chlorination of, 231 
hydration of, 20, 225 
ozonization of, 284 
Oleic acid, 103 


Optical antipodes, 166 
Optical isomerism, 164, 215 
Optically active compounds, 166 
Orange II, 467 

Organocadmium compounds, 277 
Organolithium compounds, 275 
Organomercury compounds, 278 
Organometallic compounds, 259 
Organozinc compounds, 276 
Orientation, 35 
Ortho effect, 428 
Ortho esters, 129, 271 
Osazones, 192 
Osones, 192 
Oxalic acid, 131 
decomposition of, 134 
preparation of, 131 
Oximes, 72, 79, 303 
isomerism of, 220, 303 
rearrangement of, 303 
reduction of, 389 
Oxine, 458 
Oxonium salts, 454 
Ozonides, 21 
Ozonization, 21 
of olefins, 284 

Palmitaldehyde, 292 
Palmitic acid, 102 
Palmityl alcohol, 226 
Pantothenic acid, 328 
Paper, 200 
Parachor, 208 
Paraffin, 7 

Paraffins, halogenation of, 229 
nitration of, 12, 372 
synthesis of, 54 
Paraffin wax, 29 
Paraformaldehyde, 66 
Paraldehyde, 75, 313 
Para red, 467 
Pararosaniline, 472 
Parchment paper, 201 
Pentacetate, 230 
Pentaerythritol, 328 
Pentaerythritol tetranitrate, 328 
Pentamethylanisole, 236 
Pentamethylbenzene, 421 
Pentamethylene bromide, 245 
from piperidine, 245 
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n-Pentane, 10 
Pentanes, 12 

chlorination of, 12, 56, 230 

1- Pentanol, 47 

2- Pentanol, 47 

3- Pentanol, 47 
Pentasol, 230 
2-Pentene, 52 
Pentosans, 293 
Pentoses, 293 
Peptide, 178 
Perbunan, 363 
Pert positions, 438 
Perkin condensation, 325 
Perkin ring closure, 349 
Peroxide effect, 238 
Peroxides, 364, 434 
PETN, 328 
Petroleum, 29 
Petroleum coke, 29 
Petroleum ether, 29 
Pharaoh’s serpents, 415 
Phenacetin, 390 
Phenacyl halides, 255 
Phenanthrene, 41, 444 
p-Phenetidine, 390 
Phenetole, 121 
Phenobarbital, 155 
Phenol, 157 

bromination of, 412 
nitration of, 160, 378 
preparation of, 157, 251 
resins from, 162 
Phenol ethers, 426 

Phenol-formaldehyde resins, 163, 367 
Phenolphthalein, 472 
Phenols, 157 
polyatomic, 421 
Phenylacetic acid, 86 
Phenylacetylene, 280 
Phenylalanine, 177, 326 
Phenylarsonic acid, 429 
7 -Phenylbutyric acid, 286, 288, 309 
o-Phenylenediamine, 343 
Phenyl ether, 59, 252 
/d-Phenylethyl alcohol, 60, 274 
a-Phenylethylamine, 390 
/9-Phenylethylamine, 114, 389 
Phenylfulvene, 329 
PhenylglyoxaJ, 292 


Phenyl group, 44 
Phenylhydrazine, 122 
Phenylhydrazonas, 72, 79, 305 ; 

/3-Phenylhydroxylamine, 383 
rearrangement of, 384 
Phenyl isocyanate, 128 
Phenyl isothiocyanate, 415 
Phenylnitromethane, 373 
PhenylosazoTu^s, 305 
Phenjdparaconic acid, 326 
Phenyl propionate, 291 
Phenyl p-tolyl ether, 59 
Phenyl p-tolyl ketone, 255 
Phenyhirethan, 125, 129 
Phloroglucinol, 422 
Phorone, 80 
Phosgene, 123 
Phthalaldehyde acid, 134 
Phthalic acid, 134, 396 
Phthalic anhydride, 134 
Glyptal resins from, 139 
Phthalimidc, 138 
Phthalocyanine dyes, 474 
Phthalonic acid, 134 
Phthal^d chloride, 244, 245 
Picolines, 456 
Picolinic acid, 456 
Picramide, 375 
Picrates, 379 

Picric acid, 159, 252, 378, 467 
Picryl chloride, 244 
Pimelic acid, 133, 322 
Pinacol, 332 
Pinacolone, 292 

Pinacol-pinacolone rearrangement, 291 

Pinacols, 308 

Pinacyanole, 474 

Pinonic acid, 418 

Piperidine, 456 

Piperonal, 285 

Pivaloin, 312 

Plasmochin, 458 

Plasticizers, 201 

Plexiglas, 146 

Polar bond, 3 

Polyacetal, 359 

Polyadipic anhydride, 136 

Polyamides, 140 

Polycarbonyl compounds, 346 

Polyesters, 138, 368 
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Polyethers, 365 
Polyhalogen compounds, 255 
Polyisobutylene, 360 
Polymer, 24, 357 
Polymerization, 24, 357 
additi(in, 357, 360 
condensation, 357, 365 
definition of, 357 
mechanism of, 364 
of acrylates, 361 
of aldehydes, 75, 313 
of chloroprene, 363 
of dienes, 363 
of ethylene, 360 
of isobutylene, 360 
of styrene, 360 
of vinyl acetate, 25, 362 
of vinyl chloride, 24, 362 
Polymers, acryloid, 362 
air-drying, 109 
condensation, 126 
,youmarone-indene, 361, 451 
cross-linked, 126, 366 
diene, 362 
linear, 366 
natural, 357 

phenol-formaldehyde, 163 
synthetic, 359 
thermoplastic, 366 
thermosetting, 366 
three-dimensional , 1 26 
urea-formaldehyde, 126 
Polymethyl acrylate, 146 
Polymethyl a-bromoacrylate, 361 
Polymethyl methacrylate, 146 
Polynitro aromatic compounds, 373 
Polynuclear aromatic hydrocarbons, 
432 

Polyoxymethylene, 313 
Polypeptides, 178 
Polysaccharides, 198 
Polysebacic anhydride, 357 
Polystyrene, 361 
Polysulfones, 408 
Polythene, 360 

Polyvinyl acetate, 25, 357, 362 
Polyvinyl alcohol, 24 
Polyvinyl chloride, 24, 362 
Positive halogen, 254 
Prehnitenc, 421 


Procaine, 384 
Proline, 176, 452 
Propane, 9 
nitration of, 12, 372 
Propiolic acid, 148 
Propionaldehyde, 74 
Propionamide, 101 
Propionic anhydride, 325 
Propionoin, 312 
o-Propiophenol, 291 
p-Propiophenol, 291 
Propiophenone, 96 
n-Propylacetyleno, 22, 26 
w-Propyl alcohol, 49 
n-Propylamine, 114 
w-Propyl benzene, 272 
n-Propyl bromide, 26 
n-propyl chloride, 12 
Propylene, 18 
clilorination of, 231 
Propylene chlorohydrin, 20 
Propylene glycol, 58 
Proteins, 174 
classification of, 181 
hydrolysis of, 174 
structure of, 180, 359 
Protocatechuic acid, 422 
Pseudonitrole, 382 
Pulegone, 340 
Pyran, 189 
Pyrazolines, 333 
Pyrene, 445 
Pyridine, 455 -- 

Pyridoxine, 456 
Pyrimidine, 414 
Pyrocatechol, 159, 422 
Pyrogallol, 423 
Pyrolysis, 9 
of acids, 281 
of salts, 281 
7 -Pyrone, 454 
7 -Pyrones, 454 
Pyronine dyes, 472 
Pyroxylin, 201 
P 3 Trole, 393, 451 
Pyrrolidine, 452 

2-Pyrrolidinecarboxylic acid, 452 
Pyruvaldehyde, 292 
Pyruvic acid, 143, 149, 283 
Pyrylium salts, 454 
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Quaternary ammonium hydroxides, 115 
pyrolysis of, 394 

Quaternary ammonium salts, 112, 250 
preparation of, 112 
thermal decomposition of, 386, 394 
Quaterphenyl, 399 
Quinaldine, 458 
Quinhydrone, 422 
Quinine, 458 
Quinoline, 457 
Quinoline blue, 473 
Quinolinic acid, 457 
Quinones, 424 
Quinoxaline, 343 
Quinoxalines, 344 
Quinquephenyl, 399 

Rayon, 201 

Rearrangements, see Molecular rearrange- 
ments 

Reducing sugars, 192 
Reformatsky reaction, 276 
Reimer-Tiemann reaction, 162, 285 
Resacetophenone, 290 
Resin acids, 444 
Resins, see Polymers 
Resolution, 170 
Resonance, 211 
of acetate ion, 212 
of acetylacetone, 212 
of benzene, 212 

of conjugated systems, 212, 239 
of enols, 212 
of nitro compounds, 211 
Resorcinol, 159, 422 
/S-Resorcylaldehyde, 289 
Ribose, 191 
Ricinoleic acid, 106 
Ring closure, 352 
Rosenmund method, 293 
Rosenmund-von Braun uitnle synthe- 
sis, 252 
R salt, 440 
Rubber, 27, 358 

Saccharin, 413 
Safrole, 2^ 

SalicyMdehyde, ll^^, 295 
structure of, 210 
Salicylic acid, 161 
Salol, 161 


Sandmeyer reaction, 120 
Saponification, 92 
Saponins, 444 
Schifi base, 303 
reduction of, 392 
Scholl reaction, 446 
^hotten-Baumann reaction, 117 
Sebacic acid, 133, 295 
Semicarbazide, 125 
Semicarbazones, 73, 79, 306 
Semipolar bond, 5, 206 
Serine, 176- 
Sesquiterpene, 358 
Sex hormones, 444 
Side chains, 40, 420 
activation of, 420, 459 
halogenation of, 233 
oxidation of, 40, 86 
Silver mirror test, 68 
Skatole, 470 
Skraup synthesis, 457 
* Smokeless powder, 201 
Soaps, 107 

Sodium bisulfite addition compounds, 
306 ' 

Sommelet method, 293 
Soybean oil, 110 
Spirans, optically active, 219 
Starch, 198 

Stearaldehyde, 292, 293 
Stearic acid, 102 
Stearyl alcohol, 226 
Stearyl chloride, 293 • 

Stephen method, 292, 470 
Stereoj^fMiien^ 146, 164, 215 
”sg;gMlcWndrimc!^94, 428 

Stilbene chloride/ 273 
Strainless rings, 14, 350 
Strain theory, 14, 349 
Strecker ssmthesis, 1^, 307 
Styrene, 360 
Suberic acid, 133 
Substantive dyes, 465 
Substitution, 9 
Succinamide, 137 
Succinic acid, 132 
Succinic anhyd^i^ 135 
Suocintmide, 137 
Succinosuccinic ester, 323 
Sucarose* 197 
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